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1.0

INTRODUCTION AND BACKGROUND

This report documents the results of a project to develop and demonstrate analytical tools necessary to
implement a risk-based decision-support system to help managers cost-effectively invest resources.
Although Los Alamos National Laboratory’s cleanup program has always conducted risk assessments as
part of the corrective-action process, this task extends the traditional role of risk assessment to the use of
decision analysis. Decision-analysis methods incorporate concepts from management science,
operations research, and economics, providing a useful way to analyze the relative value of alternative
actions under conditions of uncertainty. The “risk” in “risk-based decision analysis” highlights the central
role uncertainty plays in the decision-analysis process.
Risk refers to the probability of adverse outcome. In this context, environmental contamination poses a
risk to human health when there is a potential for people to be exposed to unsafe amounts of
contaminants under unprotected conditions of exposure. The potential for such exposures often depends
upon many variables, such as dynamic environmental conditions that affect the fate and transport of
contaminants from one location to another over time. Risk-based decision analysis uses the uncertainty in
conditions affecting the probability of unsafe exposures (i.e., risk) to evaluate actions that are likely to
reduce the probability of such exposures (i.e., reduce risk).
Accordingly, risk-based decision analysis requires that risk assessments be conducted in a way that
objectively quantifies uncertainties that may affect exposure conditions. Monte Carlo analysis is widely
used to combine (or propagate) multiple uncertain or variable elements in a probabilistic risk assessment.
Monte Carlo methods are especially useful in computer simulations that calculate potential contaminant
distributions at various locations and times, resulting from dynamic environmental processes. Although
Monte Carlo analysis was developed in 1946 (at the Laboratory), it has not been widely used in humanhealth risk assessments, here or elsewhere, to support corrective-action decisions. However, there is a
growing number of advocates for this application, including the U.S. Environmental Protection Agency
(EPA).
This effort was intended as a demonstration of this approach and not as a corrective-measures evaluation
study. Although this approach could be used to great benefit in the final remedy selection process, that is
outside the scope of the work documented in this report.
1.1

Background on Risk Assessment and Risk-Based Decision Making

According to the EPA, the goal of its cleanup programs is to avoid or minimize risks (defined as the
likelihood that humans or ecological receptors will experience health problems) from the generation and
management of hazardous wastes. It follows that the success of the Laboratory’s cleanup project should,
ultimately, be judged in terms of the reduction or minimization of the probability that human or ecological
health will be harmed by environmental contaminants. Corrective actions will be implemented as
necessary to protect human health and the environment from current and potential threats posed by
releases of contaminants. Current threats are identified largely by characterization data from known
points of exposure. Potential threats are identified through risk assessment, which is conducted in
accordance with EPA guidance (EPA 1989, 08021; EPA 2001, 85534). Risk assessments are used to
calculate human-health impacts represented by the total effective dose equivalent (TEDE) for
radionuclides, hazard index (HI) for simultaneous exposures to multiple noncarcinogenic chemicals,
hazard quotient (HQ) for exposures to single noncarcinogenic chemicals, and incremental cancer risk
(ICR) for exposures to carcinogenic chemicals.
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Since the enactment of the Comprehensive Environmental Response, Compensation,
and Liability Act (CERCLA) in 1980 the risk assessment policies and guidance
documents have evolved to reflect advances in science and changes in federal
regulations. (EPA 2001, 85534, p. 1-4, Section 1.1, paragraph 1)
In 2001, EPA published Risk Assessment Guidance for Superfund, Volume III, Part A: Process for
Conducting Probabilistic Risk Assessment (RAGS3; EPA 2001, 85534), which describes a tiered riskassessment process that “promotes an efficient allocation of resources and improved decision making”
(EPA 2001, 85534, p. 1-7, Section 1.1.3). This tiered process is shown in Figure 1.1-1, which is taken
directly from RAGS3.

Figure 1.1-1. EPA’s tiered risk-assessment process described in RAGS3
The first tier in the EPA’s RAGS3 process begins with a point-estimate approach to risk assessment.
Guidance on conducting point-estimate risk assessments is provided in EPA’s Risk Assessment
Guidance for Superfund, Volume 1, Part A: Baseline Risk assessment (EPA 1989, 08021). “Point
estimate risk assessments use single values (point estimates) to represent variables in the risk equation.
The output of the risk equation in a point-estimate risk assessment is, therefore, a point estimate of risk,
which can be a central tendency exposure (CTE) estimate of risk (i.e., the average expected risk) or
reasonable maximum exposure (RME) estimate of risk (e.g., the risk expected if the RME was to occur),
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depending on the input values used in the risk equation” (RAGS3, EPA 2001, 85534, pp. 1–6,
Section 1.1.4). In the RAGS3 process, Tier 1 is a point estimate of RME risk that is used primarily to
determine if corrective action is required to protect human health and the environment from potential
threats. Higher-tier probabilistic risk assessments (PRAs) are conducted to provide information that is
helpful in deciding what actions are necessary and sufficient to ensure protection.
Risk assessment performed using probabilistic methods is very similar in concept to the
point-estimate method, with the main difference being the methods used to incorporate
variability and uncertainty into the risk estimate.… Probabilistic risk assessment uses
probability distributions for one or more variables in the risk equation in order to
quantitatively characterize variability and/or uncertainty. The output of a PRA
[probabilistic risk assessment] is a probability distribution of risks that reflects the
combination of the input probability distributions. (EPA 2001, 85534, pp. 1-8 and 1-9)
A primary benefit of PRA, which is not available with point-estimate risk assessment, is that sensitivity
analysis can be used to establish quantitative correlations between input and risk. If input probability
distributions that reflect uncertainty because of a lack of knowledge correlate with high risk, then
sensitivity analysis identifies what additional knowledge is needed. If input distributions that reflect
variability (not lack of knowledge) correlate with high risk, the sensitivity analysis identifies variability that
must be addressed in remedy selection.
Because both uncertainty (lack of knowledge) and variability (natural heterogeneity) affect the
Laboratory’s ability to assess potential threats posed by contaminants in the environment, PRA is a
valuable tool. In PRA, the probability of risk directly reflects uncertainty and variability in processes that
control the fate and transport of contaminants in the environment. The potential for harm in the future
depends upon the potential for contaminants to migrate to locations where exposures are likely and in
concentrations that are considered harmful under the same conditions of exposure.
The Laboratory has conducted numerous risk assessments that meet the EPA’s definition of a Tier-1 risk
assessment in RAGS3. As stated previously, Tier 1 estimates the risk that would be expected if the RME
were to occur. That is, Tier 1 assumes that exposures will occur without addressing uncertainty in that
assumption. This report describes the Laboratory’s first Tier-3 probabilistic risk assessment, which was
conducted to evaluate whether RME exposures through drinking water are likely to occur as a result of
contaminants in groundwater resulting from waste water discharged from the Radioactive Liquid Waste
Treatment Facility (RLWTF) at Technical Area (TA) 50 into Mortandad Canyon. Then, this report
describes how the results of the Tier-3 PRA were used as input to a decision analysis developed to
identify and evaluate alternative actions that will reduce the likelihood of RME exposures.
Mortandad Canyon was chosen for the demonstration of this risk-based decision analysis for several
reasons, including
•

relatively short estimated groundwater travel times, and

•

the presence of mobile, soluble, and potentially harmful contaminants.

It is intended that similar decision analyses be developed for the other canyons where similar conditions
exist. The resulting decision-support tools are expected to be used by project managers in focusing
investigations, evaluating alternative corrective measures, optimizing performance monitoring, and
designing watershed-scale groundwater monitoring programs.
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1.2

Background on Mortandad Canyon

Mortandad Canyon and its tributaries have received effluents from Laboratory facilities since the early
1950s. These effluents have contained a variety of contaminants, including nitrate, perchlorate, tritium,
cesium-137, strontium-90, americium-241, and several isotopes of uranium and plutonium (LANL 1997,
56835). Most contaminants found in Mortandad Canyon are associated with discharges from TA-50,
except for strontium-90 (LANL 1997, 56835), which was also from TA-35. The RLWTF is still discharging
treated wastewater into Mortandad Canyon, although at historically low contaminant concentrations as
demonstrated through the facility’s [nonradioactive wastes] National Pollution Discharge Elimination
System permit (LANL 2002, 71301).
The Laboratory began monitoring sediments, surface water, and groundwater in Mortandad Canyon and
its tributaries in the early 1960s. Contaminants have been identified in sediments, alluvial and perched
intermediate groundwater, and in the regional aquifer beneath Mortandad Canyon. Historically, the
following constituents have been detected in surface water, alluvial groundwater, and sediments:
americium-241; cesium-137; plutonium-238 and plutonium-239/240; strontium-90; tritium;
uranium-234/235/236/238; nitrate; perchlorate; chloride; sulfate; fluoride; and total dissolved solids ([TDS]
LANL 2002, 71301). The EPA conducted independent groundwater and surface water monitoring in the
canyon in 1999, 2001, and 2002 that confirmed the presence of contaminants observed by the
Laboratory.
Field investigations are underway in Mortandad Canyon to determine the nature and extent of
contamination as part of the Laboratory’s corrective action program mandated by the 1976 Resource
Conservation and Recovery Act (RCRA), as amended by the 1984 Hazardous and Solid Waste
Amendments (HSWA) under the administration of the New Mexico Environment Department (NMED)
(LANL 1997, 56835; LANL 2004, 82613). Data available from previous investigations and monitoring
(including data from several alluvial groundwater wells, two intermediate groundwater wells, and three
regional-aquifer wells) show elevated concentrations of tritium, nitrate, and perchlorate in alluvial
groundwater, pore water, perched intermediate water, and the regional aquifer. Concentrations of these
solutes measured in alluvial, pore, perched, and regional groundwater in Mortandad Canyon are elevated
above those measured in supply wells. Current investigations include alluvial monitoring wells,
intermediate-depth wells, and regional aquifer wells. Groundwater samples will be analyzed for metals
and anions, including perchlorate, radionuclides, organic compounds, and stable isotopes.
1.3

Relationship of this Document to Mortandad Canyon Decisions

The Mortandad Canyon Groundwater Workplan defines the nature and extent of contamination “as
bounding spatial and temporal (100 yrs) uncertainties in contaminant concentrations and distributions.
Information obtained from determining the nature and extent of contamination will assist in making
decisions regarding characterization, regulatory compliance, pathway analysis, risk assessment,
remediation and monitoring” (LANL 2004, 71301). Chapters 2 and 3 of this report describe a preliminary
pathway analysis and risk assessment for groundwater contamination in Mortandad Canyon based on the
current state of knowledge (as of the study initiation in 2004). Chapter 4 of this report describes a
decision process to determine the need for revising the preliminary pathway analysis and risk assessment
and to determine the need for additional specific characterization. Chapter 5 of this report provides
recommendations on how the risk assessment and decision analysis can be used to aid in the design of a
groundwater monitoring program in Mortandad Canyon that, through adaptive management, will be cost
effective before, during, and after the implementation of corrective actions.
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1.4

Content and Format of This Document

This report includes information that addresses the eight conditions for acceptance for PRA as defined by
the EPA in RAGS3 (RAGS3, EPA 2001, 85534), which are paraphrased for applicability as follows:

2.0

•

The purpose and scope of the assessment should be clearly articulated in a problem formulation,
including the questions that the risk assessment attempts to answer and assessment endpoints
(provided in Section 2 of this report).

•

The methods used for the analysis include sufficient information to allow the results of the
analysis to be independently reproduced (provided in Section 3 of this report).

•

The techniques and results of sensitivity analyses are to be presented and discussed (provided in
Section 4 of this report).

•

The presence or absence of moderate-to-strong correlations or dependencies between the input
variables is to be discussed and accounted for in the analysis, along with the effects these have
on the output distribution (provided in Section 4 of this report).

•

Information for each input and output distribution is to be provided in the report, including tabular
and graphical representations of the distributions (e.g., probability density function and cumulative
distribution function plots) that indicate the location of any point estimates of interest (e.g., mean,
median, 95th percentile), and the selection of distributions is to be explained and justified
(provided in Sections 3 and 4 of this report, and in supporting appended materials).

•

The numerical stability of the central tendency and the higher end (i.e., tail) of the output
distributions are to be presented and discussed (provided in Sections 3 and 4 of this report, and
in supporting appended materials).

•

Calculations of exposures and risks using deterministic (e.g., point estimate) methods are to be
reported if possible to allow comparisons between the probabilistic analysis and screening-level
risk assessments (provided in Section 3 of this report).

•

Because fixed exposure assumptions (e.g., exposure duration, body weight) are sometimes
embedded in the toxicity metrics (e.g., reference doses, reference concentrations, cancer risk
factors), the exposure estimates from the probabilistic output distribution are to be aligned with
the toxicity metric (provided in Section 3 of this report).
PROBLEM FORMULATION

The RLWTF has released treated wastewater containing varying quantities of chemical and radiological
constituents since 1963. These releases may pose a potential risk to human health and the environment.
Operational practices and natural processes have resulted in a variable distribution of contaminants in
groundwater in Mortandad Canyon. Current risks resulting from groundwater contamination are low
because concentrations of constituents are low or absent where exposures are most likely to occur.
However, constituents will continue to move through the hydrologic system. The potential for future
exposures to contamination within the hydrologic system depends upon future contaminant
concentrations at future exposure points.
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For the near future, existing water-supply wells will continue to provide domestic water to local residents.
A baseline risk assessment is conducted to analyze whether potentially harmful contaminants might
cause future health risks to users of water pumped from the existing supply wells.
The risk-management question addressed in the baseline risk assessment (Section 3) is graded,
consistent with EPA’s tiered risk-assessment process,
•

Tier-1 Point-Estimate Risk Assessment: Is there a potential for drinking water to be contaminated
at unsafe levels because of releases from the RLWTF?

•

Tier-3 Probabilistic Risk Assessment: What is the potential for drinking water to be contaminated
at unsafe levels because of releases from the RLWTF?

The decision analysis can use the results of the probabilistic risk assessment to provide information such
as
•

when contaminants are expected to reach drinking-water supply wells,

•

what parameters in the probabilistic risk assessment are highly correlated with high probabilities
of unsafe drinking water,

•

what additional information regarding risk-significant parameters can be collected to reduce the
probability of predicted unsafe drinking-water concentrations because of uncertainty in input
parameters,

•

what general remedial approaches would be cost effective at reducing the probability of unsafe
drinking water, and

•

where monitoring should be conducted to provide a high probability that contaminants will be
detected in time to act to prevent exposures to unsafe drinking water.

In the present analysis, safe drinking water is the assessment endpoint. Unsafe drinking water is defined
here as water that contains levels of
•

noncarcinogenic chemicals that would result in an HQ or HI greater than 1 (EPA 1989, 08021);

•

carcinogenic chemicals that would result in an estimated ICR greater than 1-in-100,000
(EPA 1989, 08021); and

•

radionuclides that would result in an estimated TEDE greater than 4 mrem (EPA 1989, 08021).

These values are calculated for a 1000-yr period using EPA’s recommended methodology for drinkingwater exposures.
Depending on the potential for (and timing of) unsafe drinking water, various actions may be suggested to
reduce the likelihood of harmful exposures. A decision analysis (see Chapter 4) is conducted to identify
and evaluate alternative actions based on risk reduction.
The remainder of Chapter 2 describes the history and the current conditions associated with the RLWTF
discharges in Mortandad Canyon.
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2.1

RLTWF Contaminant Source

Several Laboratory TAs are located along Mortandad Canyon, many of which influence surface water
directly (through discharge) or indirectly (through runoff). From 1951 to 1963, the TA-35 wastewater
treatment plant discharged into Ten-Site Canyon, a tributary of Mortandad Canyon. Since 1963,
radioactive liquid wastes from Laboratory operations have been collected and treated at the RLWTF at
TA-50. Treated wastewater from the RLWTF is discharged into Effluent Canyon, which drains into
Mortandad Canyon. Discharge volumes from the TA-35 treatment plant (total life-time discharge volume
on the order of 107 L; LANL 1997, 56835) were small compared to those from the TA-50 treatment plant
(annual discharge volumes greater than 107 L). Therefore, this assessment focuses on the treated
effluent coming from the RLTWF. (Other possible discharge locations are the springs, but they are not
used for water supply and are not considered.)
Table 2.1-1 summarizes the discharge volumes as well as the masses and concentrations of nitrate and
tritium recorded as being released from the RLWTF beginning in 1964. This information was collected as
part of the historical monitoring of the outfall (LANL, 2002, 71301). Discharge volumes have ranged from
1.10 x 107 L/yr in 2002 to a high of 6.03 x 107 L/yr in 1968. Generally, greater volumes were discharged
until about 1981. In 2002, the discharge volume was 20% of the 1981 volume. The average discharge
volume between 1963 and 1981 was approximately 5 x 107 L/yr, and discharge volumes since 1982 have
been less than 4 x 107 L/yr.
Table 2.1-1
Annual Discharges Recorded from the RLWTF

Year

Discharge
Volume
(L)

Average Discharge
Concentration NO3 as
N
(mg/L)

1964
1965
1966
1967
1968
1969
1970
1971
1972
1973
1974
1975
1976
1977
1978
1979
1980
1981
1982
1983
1984
1985
1986

5.14E+07
4.90E+07
5.28E+07
5.97E+07
6.03E+07
5.45E+07
5.32E+07
4.57E+07
5.71E+07
5.37E+07
4.06E+07
3.97E+07
3.99E+07
4.21E+07
4.05E+07
4.86E+07
5.28E+07
5.53E+07
3.98E+07
3.45E+07
3.50E+07
2.86E+07
3.05E+07

21.9
29.6
11.3
12.4
14.2
29.6
124.5
84.0
173.0
70.0
65.5
na
na
99.8
90.0
156.0
176.0
262.0
335.0
384.0
331.0
376.0
410.0
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Total
NO3 as N
(kg)
1126
1450
596
741
858
1612
6618
3838
9875
3762
2660
b
3000
b
3000
4199
3649
7578
9298
14,496
13,320
13,248
11,595
10,754
12,505

7

Average Discharge
Concentration Tritium
(nCi/L)
a

na
na
na
na
na
na
na
na
104.6
325.2
99.8
1661.6
4687.9
867.2
303.4
673.1
849.9
307.2
357.1
252.2
371.1
2426.6
2377.0

Total Tritium
(Ci)
na
na
na
na
na
na
na
na
5.97
17.47
4.05
66.00
187.00
36.50
12.30
32.70
44.90
17.00
14.20
8.70
13.00
69.40
72.50
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Table 2.1-1 (continued)

a
b

Year

Discharge
Volume
(L)

Average Discharge
Concentration NO3 as
N
(mg/L)

1987
1988
1989
1990
1991
1992
1993
1994
1995
1996
1997
1998
1999
2000
2001
2002

2.66E+07
2.93E+07
2.28E+07
2.11E+07
2.19E+07
1.99E+07
2.17E+07
2.08E+07
1.76E+07
1.65E+07
1.75E+07
2.32E+07
2.00E+07
1.86E+07
1.36E+07
1.10E+07

476.0
384.0
488.0
297.0
164.0
204.0
360.0
45.5
81.6
76.4
69.6
61.1
24.2
2.5
3.9
na

Total
NO3 as N
(kg)

Average Discharge
Concentration Tritium
(nCi/L)

12,662
11,251
11,126
6267
3592
4060
7821
948
1440
1260
1220
1420
486
47
53
na

3759.4
716.7
701.8
568.7
484.0
534.2
122.4
107.0
41.5
61.7
76.3
52.8
24.3
48.7
9.3
na

Total
Tritium
(Ci)
100.00
21.00
16.00
12.00
10.60
10.63
2.66
2.23
0.73
1.02
1.33
1.23
0.49
0.91
0.13
na

na = Data not available.
Estimated NO3 release for simulations.

Table 2.1-1 indicates the variability in discharge volumes and concentrations over time. These reflect
contemporaneous Laboratory operations whose wastewater was treated at the RLWTF, new wastewater
treatment methods, and evolving regulatory requirements. Treatment technologies and regulatory
requirements generally result in reduced contaminant concentrations in effluent. For example, a new
reverse-osmosis and ultrafiltration system began operating at the RLWTF in 2000 to remove additional
radionuclides from the effluent and to ensure that the discharges meet the Department of Energy (DOE)
public dose guidelines. Also in 2000, the RLWTF instituted a program to restrict the discharge of
nitrogenous wastes into the facility’s collection system, and since then, nitrate (nitrate as nitrogen)
concentration of effluent discharge from the RLWTF has been less than 10 mg/L; the average 2001
effluent nitrate concentration was 3.9 mg/L. The RLWTF began measuring perchlorate in liquid effluent
discharged into Mortandad Canyon in 2000. That year, the RLWTF discharged 4.74 kg of perchlorate, for
an average concentration of 254 μg/L in the effluent. In 2001, 2.29 kg of perchlorate were released,
resulting in an average concentration of 169 μg/L. In 2002, the RLWTF installed ion-exchange resins to
reduce perchlorate in effluent to below 4 ppb (4 μg/L).
2.2

Groundwater Contaminant Distribution in Mortandad Canyon

2.2.1

Observations

Contaminants have been detected in surface water, on sediments, in near-surface perched alluvial
groundwater, in vadose-zone pore water, in intermediate perched groundwater, and in the regional
aquifer in Mortandad Canyon. This section summarizes these findings with particular emphasis on
observations of nitrate, perchlorate, and tritium.
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The alluvial groundwater in Mortandad Canyon has been monitored since 1960 using alluvial wells
(Mortandad Characterization Observation [MCO] -wells, shown in Figure 2.2-1). Also, systematic
monitoring of sediments, surface water, and groundwater has been conducted there since 1970 as part of
the Laboratory’s site-wide environmental surveillance program. Historically, the following constituents
have been detected in unfiltered samples of surface water and alluvial groundwater: americium-241;
cesium-137; plutonium-238 and plutonium-239/240; strontium-90; tritium; uranium-234/ 235/236/238;
nitrate; perchlorate; chloride; sulfate; fluoride; and TDS (LANL 2002, 71301). Filtered water samples
typically contain tritium, nitrate, perchlorate, chloride, sulfate, fluoride, and TDS, indicating that the
balance of contaminants detected in unfiltered samples is bound (or sorbed) to sediments.
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Pore water within core and cuttings samples collected from the upper vadose zone during drilling of wells
in and around Mortandad Canyon (Figure 2.2-1) since 1998 provides evidence of vadose-zone migration
at various locations. Regional well R-1, located downstream of the confluence of Effluent Canyon with
Mortandad Canyon, has vadose-zone perchlorate concentrations as high as 629 µg/L and nitrate (as
nitrate) as high as 919 mg/L, but these drop to nondetectable concentrations in the lower portion of the
Otowi Member (Qbo). Below the confluence of Mortandad Canyon with Ten Site Canyon, alluvial well
Mortandad Canyon Observation (MCO)-7.2, intermediate wells MCOBT-4.4 and MCOBT-8.5, and
regional well R-15 had perchlorate concentrations ranging from less than 2 to 840 µg/L either near the
alluvium/Bandelier Tuff contact or within the Bandelier Tuff (Broxton et al. 2002, 76006; Longmire et al.
2001, 70103). Pore-water concentrations of nitrate (as nitrate) in the Bandelier Tuff range from less than
0.01 to 272 mg/L in these four wells. In regional well R-28, located about 2000 ft west of the Laboratory
boundary, perchlorate was only detected in 2 of 16 pore water samples at concentrations of 33 µg/L or
less; nitrate (as nitrate) concentrations ranged from less than 0.01 to 111 mg/L. Finally, in regional well
R-14, located in Pratt Canyon below the historic TA-35 outfall, perchlorate was not detected, and nitrate
concentrations ranged from below 0.01 to a maximum of 6.7 mg/L (as nitrate). This last result further
supports the choice to focus only on the TA-50 RLWTF source rather than to include the TA-35 source.
Intermediate perched groundwater was encountered in wells MCOBT-4.4 and R-15. Analytical results from
intermediate perched groundwater samples collected from intermediate observation well MCOBT-4.4
showed 12,797 pCi/L tritium, 13.2 mg/L nitrate plus nitrite (as N), and 142 µg/L perchlorate (Broxton et al.
2002, 76006). The well has a single screen set in a perched zone within the upper Puye Formation/Cerros
del Rio basalt at a depth of 524 ft, approximately 450 ft above the regional water table. Perched
groundwater encountered at a depth of 646 ft during the drilling of regional characterization well R-15
contained 3770 pCi/L tritium and 12 parts per billion (ppb) perchlorate (Longmire et al. 2001, 70103).
Figure 2.2-2 presents the measured concentrations of nitrate (as N), perchlorate, and tritium in
regional-aquifer water samples collected at regional wells in the vicinity of Mortandad Canyon. Many of the
samples are characterized as nondetects (<0.01 ppm NO3 [as N], <2 ppb ClO4), with the majority of
perchlorate samples characterized this way. When more than one sample is available, the data are shown
as a range. For example, samples of the regional aquifer taken from characterization well R-15 at a depth
of 1019 ft contained concentrations of from 2.2 to 2.4 mg/L nitrate (as N) (Longmire 2002, 72614). The
highest nitrate concentration is observed at R-28. The highest perchlorate concentration is observed at
R-15. Both wells are located along Mortandad Canyon. The highest tritium concentration is observed at
R-12 in Sandia Canyon, which may reflect the impact of contaminant sources other than the RLWTF.
2.2.2

Pathways

Taken as a group, the contaminant distribution data indicate that liquids discharged from the RLWTF
flowed laterally along the ephemeral streambed and the underlying alluvial aquifer in Mortandad Canyon.
With time, the liquids have infiltrated to various depths into the unsaturated rock beneath the alluvium.
The observed distribution of contaminants shows that the vast majority of the contaminants are located
within the unsaturated zone beneath Mortandad Canyon, predominantly in porewater of the bedrock
located beneath the alluvial groundwater. These observations, along with supporting geologic and
hydrologic data (presented in the upcoming sections), provide the basis for the conceptual model of
groundwater transport of contaminants in Mortandad Canyon shown in Figure 2.2-3, which was first
presented in the Mortandad Canyon Groundwater Workplan, Revision 1 (LANL 2004, 82613).
The conceptual model identifies likely groundwater-transport processes that explain the distribution of
contaminants within the different groundwater bodies and porewater beneath Mortandad Canyon. The
TA-50 effluent is discharged into Effluent Canyon and flows into the upper portion of Mortandad Canyon,
which is a steep, narrow canyon with thin, locally discontinuous alluvium. Effluent from TA-50 combines
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with other effluent discharges from cooling towers up-canyon and infrequent storm water and snowmelt
runoff to generate surface water flow down-canyon. The down-canyon extent of surface-water flow varies,
depending on effluent discharge rates and contributions from the other water sources, but flow generally
disappears before reaching TW-8 (Figure 2.2-1). During large storm-runoff events, surface flow collects in
sediment traps below the confluence with Ten Site Canyon.
Nonsorbing contaminants (tritium, nitrate, and perchlorate) are transported as dissolved species in the
surface water. The surface water infiltrates the alluvial aquifer down to where the canyon widens and
surface-water flow disappears. Flow in the alluvial aquifer is down-canyon and highly variable with an
estimated velocity within an order of magnitude of 1 km/yr (Purtymun 1974, 05476).

December 2005

14

ER2005-0580

Figure 2.2-2.

Concentrations of nitrate (as nitrogen), perchlorate, and tritium in the regional wells in the vicinity of Mortandad
Canyon (after Longmire 2002, 72614; figure created by D. Broxton)
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Concentrations of nitrate (as nitrogen), perchlorate, and tritium in the regional wells in the vicinity of Mortandad Canyon (after Longmire 2002, 72614; figure created by D. Broxton)
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Conceptual model of transport of contaminants from RLWTF in groundwater in Mortandad Canyon (LANL 2004, 82613)
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Conceptual model of transport of contaminants from RLWTF in groundwater in Mortandad Canyon (LANL 2004, 82613)

December 2005

16

ER2005-0580

Decision Analysis for Addressing GW Contaminants

Nonsorbing contaminants in alluvial groundwater move downward into pores in the unsaturated tuff
beneath the alluvium and into localized pockets of perched intermediate groundwater. Measurements of
tritium, perchlorate, and nitrate in the pore water and intermediate perched water in concentrations
exceeding those found in the regional aquifer and in water-supply wells indicate that most of the
contaminant mass of nonsorbing contaminants resides in the unsaturated region.
The distributions of water-soluble contaminants discharged from the RLWTF are a result of hydrologic
processes and geologic features present within Mortandad Canyon. These are described below.
2.3

Geology in Mortandad Canyon

The generalized stratigraphy of Mortandad Canyon is shown in the cross section of Figure 2.3-1
(LANL 2004, 82613). This stratigraphy is derived from mapped contacts in canyon walls and borehole
drilling logs. In descending order, the vadose zone beneath Mortandad Canyon is made up of Quaternary
rocks of Qbt 2, Qbt 1v, and Qbt 1g of the Tshirege Member of the Bandelier Tuff, Cerro Toledo interval,
the Otowi Member of the Bandelier and its basal Guaje Pumice Bed, and of Pliocene rocks of the upper
Puye Formation, Cerros del Rio lavas, and the lower Puye Formation. The top of the regional zone of
saturation occurs within the Miocene rocks that include pumice-rich volcaniclastic rocks, river gravels,
sands and older fanglomerate. Detailed descriptions of these units can be found in Broxton and Vaniman
(2005, 90038).

Figure 2.3-1.
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The alluvium in Mortandad Canyon is less than 1.5 m thick in the upper western portion and thickens to
about 30 m at the easternmost extent of Laboratory lands. The canyon is narrowly incised in strongly to
partly welded tuffs of Qbt 2 and Qbt 1v in the reach between Effluent Canyon and TW-8. The canyon floor
becomes much broader east of TW-8 where increasingly thicker deposits of alluvium overlie nonwelded
tuffs of Qbt 1g and the poorly consolidated sediments of the Cerro Toledo interval. Near the eastern
Laboratory boundary, thick deposits of alluvium overlie nonwelded tuffs of the Otowi Member.
The upper Puye Formation and Cerros del Rio basalt are geologic units of particular interest because
they host the known occurrences of intermediate-depth perched groundwater in Mortandad Canyon. The
Cerros del Rio basalt (Tb4) is a wedge-shaped stack of lava flows that thicken eastward. The maximum
thickness of these lava flows beneath Mortandad Canyon is 427 ft at well R-13, and the minimum
thickness is 145 ft at TW-8. Perched water is typically associated with coarse sands and gravels of the
Puye Formation atop the Cerros del Rio basalt and with interflow breccias and highly fractured basalt
flows in the lower part of the Cerros del Rio basalt (Broxton and Vaniman 2005, 90038).
2.4

Hydrology in Mortandad Canyon

This section summarizes current understanding about the hydrologic system in Mortandad Canyon as it
relates to the potential for nonsorbing contaminants to be transported to water-supply wells in the regional
aquifer.
2.4.1

Surface Water

There are no natural sources of continuously flowing water in the Mortandad watershed. Surface water
occurs intermittently because of storm runoff, snowmelt runoff, and discharges from several permitted
outfalls, including that at the RLWTF. Surface water flow is measured at gaging station E200 or its
predecessor GS-1 in Mortandad Canyon.
Figure 2.4-1 compares surface water volumes from sources other than the RLWTF measured at gaging
station E200/GS-1 in Mortandad Canyon (just downstream of the RLWTF) to effluent volumes released
from the RLWTF. The comparison shows that, while variable, the RLWTF discharge contributes
significantly to the total surface water flow in Mortandad Canyon.
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Surface water in Mortandad Canyon on Laboratory land generally infiltrates into the alluvium that fills the
streambed, although some is also lost to evaporation. Currently, surface water flow generally disappears
upstream of TW-8 (Figure 2.2-1). Since 1976 when sediment traps were constructed below the
confluence with Ten Site Canyon (Figure 2.2-1), surface flow beyond the sediment traps has only been
observed once. In the 1960s, before construction of the sediment traps, surface water reached the
eastern portion of the canyon near the Laboratory boundary on very rare occasions. (LANL 1997, 56835).
2.4.2

Alluvial Groundwater

Alluvial groundwater flows down Mortandad Canyon toward the east-southeast and infiltrates into the
underlying Bandelier Tuff and Cerro Toledo interval. The horizontal and vertical extent of the alluvial
groundwater is limited by depletion through evapotranspiration and movement into the underlying rocks
(Purtymun et al. 1977, 11846). A tracer study conducted by Purtymun (1974, 05476) indicated that
approximately half of the volume of liquid discharged from the RLWTF appears as alluvial groundwater
3 km downstream within about a year (388 days). Some portion of the other approximately half of the
volume of liquid evaporates, and the remainder infiltrates beneath the canyon alluvium. Purtymun (1974,
05476) estimated the velocity of alluvial groundwater flow ranges from about 6.7 km/yr in the upper reach
or Mortandad Canyon to about 0.78 km/yr in the lower reach of the canyon and along the gradient at the
base of the alluvium. Purtymun (1974, 05476) determined field-scale hydraulic conductivity values for
several zones of different texture within the alluvium, which were identified by Baltz et al. (1963, 08402).
Chloride and tritium tracer measurements were used to estimate the hydraulic conductivities. The results
of the tracer study indicated the following hydraulic conductivities in alluvium in Mortandad Canyon:
•

50 km/yr between MCO-5 and MCO-6,

•

18 km/yr between MCO-6 and MCO-7.5, and

•

2.7 km/yr between MCO-7.5 and MCO-8.

In core obtained during the drilling of MCOBT-4.4, the moisture content in the alluvium is 2% to 10%
gravimetric near the surface and increases (with substantial variability) to a maximum of 28% in the zone
of perched alluvial groundwater (35 ft to 50 ft depth). The moisture content is as high as 37% in core from
MCOBT-8.5, corresponding with two separate zones of saturation between 94.4 ft to 112.5 ft depth
(LANL 2002, 71301).
2.4.3

Vadose Zone

Core samples were taken through to depths of about 310 feet in MCOBT-4.4 and to depths of about
350 ft in MCOBT-8.5 (LANL 2002, 71301). Gravimetric moisture content measured in those samples
ranges from 13% to 40% in the Cerro Toledo interval, encountered in MCOBT-4.4. Rogers and Gallaher
(1995, 55334) report volumetric moisture content values from about 17% to about 56% for samples of the
Tsankawi Pumice/Cerro Toledo interval collected in Mortandad Canyon. Gravimetric moisture content in
Mortandad Canyon for the Otowi Member ranges from 15% to 22% in samples collected in boreholes
MCOBT-4.4, MCOBT-8.5, R-15, and MCM5.9 (LANL 2002, 71301; Longmire et al. 2001, 70103 [R-15
report]). In general, the moisture content in the Otowi Member is less variable than in the alluvium or
Cerro Toledo interval. The low variability of moisture in the Otowi Member probably reflects the relative
homogeneity of the ash-flow tuffs that make up this unit compared to the stratified sedimentary deposits
that make up the alluvium and Cerro Toledo interval. Rogers and Gallaher (1995, 55334) report
volumetric moisture content values from 20% to 23% for Otowi tuff samples from Mortandad Canyon.
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Eighteen sidewall core samples were taken from depths between 272 to 735 ft in the MCOBT-4.4
borehole, and nine sidewall samples were collected between 405 and 709 ft in the MCOBT-8.5 borehole.
These samples were used to determine gravimetric moisture contents in the units beneath the Otowi
Member. The moisture content measured in the single sample of the Guaje Pumice Bed (Qbog) taken
from MCOBT-4.4 was 46% (at a depth of 470 ft). The average gravimetric moisture content in three
samples of the Puye Formation in MCOBT-4.4 was about 20%, higher than the 5.8% moisture content
measured in the single sample of Puye in MCOBT-8.5. The average moisture content measured in eight
samples of interflow breccia zones in the Cerros del Rio basalt from MCOBT-4.4 was 14%, which closely
matched the average moisture content measured in seven basalt samples taken in MCOBT-8.5.
However, the gravimetric moisture content data for the basalt are highly variable and range between 4%
and 45% in the sidewall core samples (LANL 2002, 71301, Table 11.1-2).
The direction and flux of water through the unsaturated zone have been examined in several studies.
Rogers and Gallaher (1995, 55334) tabulated Bandelier Tuff core hydraulic properties from several
boreholes at the Laboratory to estimate recharge rates beneath the Pajarito Plateau. Rogers et al. (1996,
55543) used hydraulic properties from seven boreholes that had sufficient data to evaluate the movement
of water in the unsaturated bedrock. The seven boreholes were from mesa top and canyon bottom
locations, which represent two of the distinct hydrologic regimes on the Pajarito Plateau. For wells
MCM-5.1 and MCM-5.9A in Mortandad Canyon, they estimate downward Darcy fluxes ranging from 0.13
to 1.5 mm/yr (Rogers et al. 1996, 55543). More recently, Kwicklis et al. (2005, 90069) estimated
infiltration rates in Mortandad Canyon at 176 mm/yr based on average stream flow data for the years
1995 through 2000. They acknowledged that rates were likely higher before 1995 when greater effluent
volumes were released into the canyon.
2.4.4

Intermediate-Depth Perched Aquifer

Perched intermediate groundwater was encountered during the drilling of regional aquifer well R-15,
within the Cerros del Rio basalt and in intermediate well MCOBT-4.4 within the Puye formation. Perched
water was not encountered in regional wells R-1, R-13, R-14, or R-28. Broxton and Vaniman (2005,
90038) give a more complete listing of perched water occurrences for Mortandad Canyon.
2.4.5

Regional Aquifer

The regional aquifer was encountered in the Puye Formation in regional wells R-1, R-13, R-14, R-15 and
R-28 in the Mortandad watershed. At a larger scale, the regional aquifer is primarily made up of several
sedimentary hydrostratigraphic units of varying thickness, lateral extent, and permeability (Broxton and
Vaniman 2005, 90038; Keating et al. 2005, 90039). Groundwater flow in the regional aquifer is generally
eastward (Purtymun 1984, 06513; LANL 2003, 76059). The hydraulic conductivity of aquifer rocks is
heterogeneous and averages approximately 140 m/yr at a regional scale, with spatial variations on the
order of 10 m/yr. In the western portions of the Laboratory, the hydraulic gradient (which controls the
direction of flow) is generally downwards, and groundwater generally flows east/southeast towards the
Rio Grande.
Permeability and conductivity measurements measured in the regional aquifer in wells across the Pajarito
Plateau are listed in Table 2.4-1. Data in this table demonstrate variability in hydraulic conductivity and, to
a lesser extent, permeability derived from wells near Mortandad Canyon. Across the Pajarito Plateau,
however, permeability data show greater variability (LANL 2003, 76059, Table 4.3-4).
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Table 2.4-1
Permeability and Hydraulic Conductivity Data for Hydrostratigraphic Units in Regional Aquifers
(LANL 2003)
Stratigraphic Unit
Santa Fe Group (Tsf)
Older fanglomerate (Tsfuv)

Puye (Tpf)
Cerros del Rio Basalt (Tb)

Well

Permeability (log m2)

Hydraulic Conductivity (m/yr)

O-1
O-4
PM-4
TW-8
R-15
R-15
PM-5

-12.64
-11.84
-11.94
-11.92
-12.14
-11.92
-12.59

70.11
447.35
358.32
372.79
223.67
369.45
79.01

The Rio Grande is the main discharge area for the regional aquifer. Stream flow data indicate that the
river potentially gains about 490 kg/s, or 12,500 acre ft/yr, from the regional aquifer near Pajarito Plateau
(Keating et al. 1999, 88746).
2.5

Water-Supply Wells near Mortandad Canyon

Water-supply wells extract water from deep within the regional aquifer for residential and commercial use
in Los Alamos County as well as for the Laboratory. The pumping wells are screened over 200 to 500 m,
beginning about 50 to 70 m below the water table. The water-supply wells nearest to (and potentially
impacted by contaminants in) Mortandad Canyon are located in the Pajarito Mesa (PM-1, PM-2, PM-3,
PM-4, and PM-5) and Otowi (O-1 and O-4) well fields (Figure 2.2-1), which together provide about half of
the water supply for the County.
The total rate of pumping of the O series and PM series wells has increased over time [Koch and Rogers
2003, 88425]. The first wells to start pumping were PM-1, PM-2, and PM-3, between 1965 and 1968.
After that, PM-4 (1982) and PM-5 (1986) were added. The latest wells to start pumping were O-4 (1993)
and O-1 (1996). Annually averaged pumping rates vary among these supply wells. The greatest variability
in pumping rates is for PM-2 and PM-4.
The supply wells pump during irregular periods within a given year, but wells pump at a relatively constant
rate when they are working. The wells typically are pumped about 30% of the time each year.
To date, no contaminants have been detected in water from wells supplying drinking water in
concentrations that exceed EPA’s safe drinking-water standards.
2.6

Generalized Conceptual Site Model

The descriptive information presented above provides the basis for the generalized conceptual model
shown in Figure 2.6-1. This figure generalizes the transport processes for the conceptual model shown in
Figure 2.2-3 and includes the potential exposure pathway provided by the water-supply wells. The
conceptual model incorporates several component processes, namely source term, infiltration,
unsaturated transport, saturated transport, and exposure. This conceptual model is the general
framework for the risk assessments described in Chapter 3 of this document.
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Figure 2.6-1.

Generalized conceptual model of contaminant transport and fate
from the RLWTF to drinking-water supply wells

The conceptual model is a simplified representation of the various and variable processes that influence
the transport of soluble, nonsorbing contaminants within the groundwater system between the point of
release (the RLWTF) and the point of exposure (drinking water). Again, the focus is on nonsorbing
contaminants because these will migrate most quickly through the unsaturated zone and toward water
supply wells. Currently, exposure-point concentrations are not high enough to present an imminent
human-health impact, but because contaminants are present in the groundwater system, there is a need
to evaluate the potential for future human-health impacts associated with exposure from produced water.
This will follow the risk-management question(s) presented at the beginning of this chapter. To conduct a
risk assessment for future exposures, each of the processes identified in the generalized conceptual
model is analyzed with mathematical models, which are discussed in Chapter 3.
The following items describe the conceptual model, which is based on several simplifying assumptions.
•

Contaminated water from the RLWTF is discharged into Mortandad Canyon, where it is mixed
with and diluted by uncontaminated surface water from other upstream locations.

•

Some of the well-mixed surface water infiltrates into the alluvial system along the canyon, but
some continues downstream. The surface flow is assumed to eventually infiltrate into the alluvial
system. However, evapotranspiration of surface water and alluvial water in the upper reach of the
canyon occurs because the alluvial system is near the surface in that reach (Purtymun 1967,
11785).

•

Contaminated water mixes throughout the alluvial groundwater system and acts as a line source
of water and nonsorbing contaminants to the deeper unsaturated bedrock. The nonsorbing
contaminants are assumed to be well mixed in alluvial groundwater, based on observations of
both rapid travel times through the alluvium (reported by Purtymun 1974, 05476), and on nitrate
and tritium concentrations measured regularly in alluvial wells since the early 1960s (LANL 1997,
56835; LANL 2001, 70346).
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•

Some degradation of nitrate (and lesser degradation of perchlorate) occurs throughout the
unsaturated zone as a result of microbial activity.

•

Infiltration from the alluvial groundwater to the deeper unsaturated zone is assumed to be a
function of the discharge volume from the RLWTF. This infiltration process is variable and
uncertain in space and time, but the majority of the alluvial groundwater is assumed to infiltrate
within the Laboratory boundary because alluvial monitoring wells downstream from well MCO-8
(Figure 2.2-1) rarely contain perched alluvial water (LANL 1997, 56835).

•

Groundwater infiltrates predominantly downward through the unsaturated bedrock, primarily
through the pore spaces in the rock matrix. Some fracture flow may occur in some of the more
welded units of the Bandelier Tuff. Flow through the Cerros del Rio basalt is assumed to be
fracture dominated. Perched intermediate groundwater within the Puye Formation and Cerros del
Rio basalt may either be relatively stagnant, resulting in a retardation of vertical flow, or may
provide a lateral pathway, depending on geometric constraints and permeability contrasts
(LANL 2004, 82613; Broxton and Vaniman 2005, 90038).

•

Groundwater moving through the vadose zone recharges the regional groundwater that might be
contaminated by upstream Mortandad Canyon columns at the water table.

•

Municipal water supply wells extract water over large screened intervals deep within the regional
aquifer. Pumping of supply wells creates transient pressure gradients (and flow directions) in the
regional aquifer.

•

Individual members of the public receive drinking water pumped directly from a specific supply
well, which is their only source of drinking water.

The Laboratory will continue to treat liquid wastes at the RLWTF for the near future. The future volume
and composition of treated wastewater is not known, but if recent trends continue, the net volume and
concentration of many contaminants could be reasonably expected to decrease. It is also unknown if
treated wastewater will be discharged into Mortandad Canyon for the operational lifetime of the facility.
The containment of treated wastewater has been proposed.
The risk assessment discussed in Section 3.0 considers the impacts that the numerous uncertainties in
operations, environmental processes, water-supply pumping, and the potential past and future releases
from the RLWTF could have on the local public drinking-water supply.
3.0

RISK-ASSESSMENT METHODOLOGY AND RESULTS

The conceptual model presented in Section 2.6 of this document identifies several sequential dynamic
processes that affect the groundwater transport of contaminants released from the RLWTF into
Mortandad Canyon and the concentrations of those contaminants at production wells. To date, no
contaminants have been detected in groundwater supply wells at concentrations that exceed EPA’s safe
drinking water standards. * However, alluvial and intermediate groundwater in Mortandad Canyon contains
tritium and nitrate at concentrations exceeding their maximum concentration limits (MCLs), and
perchlorate exceeding its EPA health advisory level. Although neither alluvial nor intermediate
groundwater is used for municipal purposes, both are hydrologically connected to the regional aquifer;
therefore, the contaminants in alluvial and intermediate groundwater are expected to move into the

*

Perchlorate has been detected in samples from O-1 in concentrations near 4 ppb; O-1 is not currently being used as a source of
drinking water.
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regional aquifer in the future. Above-background concentrations of nitrate, perchlorate, and tritium have
been detected in the regional aquifer at Mortandad Canyon in a few of the monitoring wells, which
indicates that some contamination has already entered the aquifer. The rate of contaminant transport and
the concentration of contaminants (which together describe the flux of contaminants) are important
factors in determining corrective actions to ensure that members of the public are not exposed to unsafe
drinking water. Data obtained through (ongoing) site investigations provide information about how
contaminants have moved. These data also provide information that is used to construct and calibrate
simulation models that provide information regarding how contaminants are expected to move in the
future. Simulation models are used to estimate unknown future contaminant fluxes and concentrations in
water pumped from the regional aquifer. This information is used in exposure and toxicity assessments to
evaluate the potential for unsafe drinking water concentrations to occur over time.
In the analysis described in this paper, groundwater transport and supply-well pumping simulations were
conducted over a period of 1000 yr, a time frame that captured maximum potential concentrations in
production wells. In general, baseline risk assessments for cleanup sites consider a time horizon of up to
100 yr. This time period is the objective of the Mortandad Canyon Groundwater Workplan to characterize
the nature and extent of contamination in terms of “bounding spatial and temporal (100 yr) uncertainties in
contaminant concentrations and distributions” to provide input to risk assessment (LANL 2004, 82613).
This chapter describes the groundwater transport simulations and exposure and toxicity assessments
conducted to aid in decision making for potential corrective actions in Mortandad Canyon. Because the
Tier-1 risk assessment established the need for a higher-tier risk assessment, the Tier-1 analysis is briefly
summarized here and presented more fully in Appendix A. In the subsequent sections of this chapter, the
Tier-3 groundwater transport simulations and risk-assessment methodology are described to facilitate an
understanding of the decision analysis described in the next chapter.
3.1

Risk-Assessment Approach

The approach to this human-health risk assessment is based on EPA’s Risk Assessment Guidance for
Superfund Volume III, Process for Conducting Probabilistic Risk Assessment (Part A) (RAGS3; EPA
2001, 85534). The first step in the riskassessment process is a simple Tier-1 calculation of risk (Figure
1.1-1). Depending on the results of the Tier-1 risk assessment, relatively more complex, higher-tier
calculations are conducted to provide decision makers and decision stakeholders with information to
support high-confidence decisions. For Mortandad Canyon, a Tier-1 and a Tier-3 risk assessment were
conducted.
The Tier-1 risk-assessment results indicated a potential for contamination of regional groundwater at a
production well, as summarized below in Section 3.2. Because of this result, a Tier-3 assessment was
conducted to provide more detailed information regarding the likelihood that groundwater standards
would be exceeded and the factors associated with that occurrence. The Tier-2 risk assessment
described in RAGS3 (RAGS3; EPA 2001, 85534) (Fig. 1.1-1) examines the importance of uncertainty in a
single variable in the risk assessment, but the Tier-3 risk assessment examines the importance of multiple
uncertainties at once. Given the high degree of cumulative uncertainty in groundwater transport
processes and future pumping scenarios, the Tier-3 risk assessment was most appropriate for Mortandad
Canyon assessment and decision support.
In RAGS3 (EPA 2001, 85534), EPA states that Tier-3 human-health risk assessments should reflect
variability or uncertainty in exposure. For Mortandad Canyon, variability and uncertainty in exposure is
accomplished by using groundwater-transport models to calculate contaminant concentrations at wells,
each time using a different set of values for parameters in the models from each parameter distribution
(Sections 3.3 and 3.4). The results of the groundwater transport simulations described in Section 3.3 are

December 2005

24

ER2005-0580

Decision Analysis for Addressing GW Contaminants

used as input to a probabilistic risk assessment described in Section 3.4. The risk assessment is
probabilistic because it evaluates the probability (which is a measure of the cumulative uncertainty) that
contaminants will reach production wells in concentrations that may result in unacceptable exposures.
Over 750,000,000 Tier-3 transport and risk-assessment calculations were conducted; therefore, the
meaning of the cumulative results will be discussed rather than the individual simulations. These results,
as presented in Sections 3.3 and 3.4, are a summary of the detailed information reported by Birdsell et al.
(2005, in progress) and in Appendix C.
The unsaturated-zone and saturated-zone flow and transport simulations for both the Tier-1 and Tier-3
analyses were run using the Finite Element Heat and Mass (FEHM) transfer code (Zyvoloski et al. 1997,
70147). FEHM was developed by researchers at the Laboratory and is particularly suited for addressing
the unique characteristics of the Pajarito Plateau, including 3-D saturated and unsaturated multiphase
flow and the transport of multiple contaminants within complex geologic media. FEHM simulates threedimensional, time-dependent, multiphase, nonisothermal flow and multicomponent reactive groundwater
transport through porous and fractured media. The software is mature, has users throughout the world
and has been certified through the Yucca Mountain Project Software Quality Assurance Program
(YMP SQAP). Other advantages are that the software is locally developed, and local users have
extensive experience with the code. FEHM can be used for probabilistic simulations when run in multiple
realization mode using the software package FEHM2POST, which is also certified through the
YMP SQAP. The parameter estimation code PEST can also be used with FEHM. Both FEHM2POST and
PEST were used in these analyses.
3.2

Summary of Tier-1 Risk Assessment

This section summarizes the Tier-1 risk assessment. It demonstrates the incorporation of the component
models illustrated in Figure 2.6-1 into a deterministic analysis. The simulations consider the movement of
contaminants from their source at the RLWTF outfall, through the alluvium in Mortandad Canyon, through
the unsaturated bedrock beneath the alluvium, through the regional aquifer and into water-supply wells.
The resultant water-supply well concentrations are input to calculations of human-health indicators. More
detail about the Tier-1 assessment is given in Appendix A.
Source Term: The Tier-1 groundwater transport simulations address annual discharges of wastewater
from the RLWTF into Mortandad Canyon between 1964 and 2104. Annual tritium and nitrate releases
were based on the discharge records presented previously in Table 2.1-1, with discharges for the 102 yr
beyond 2002 held constant at the 2002 rate. Because the full reported masses released for nitrate and
tritium were used in the simulations, the sources are considered to represent upper bounds. Because
perchlorate discharge data are not available for the period between 1964 and 2002 (when a treatment
process was added at the RLWTF to eliminate perchlorate from discharged effluent), annual perchlorate
releases for this time period were inferred from correlations of nitrate and perchlorate measurements in
core samples, as reported in Appendix A and by Birdsell et al. (2005, in progress). The 95% upperconfidence limit from a linear regression of nitrate and perchlorate core data was used with the RLWTF
nitrate data to estimate the perchlorate source, as shown in Figure 3.2-1.
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Figure 3.2-1. Annual average estimates of perchlorate
concentration (μg/L) releases based on recorded
concentrations of nitrate (mg/L) releases. The
perchlorate releases represent an estimated 95%
upper-confidence limit for the Tier-1 source.

The annual masses of tritium, nitrate, and perchlorate released into Mortandad Canyon in RLWTF
surface-water effluent were assumed to homogeneously mix with other surface water in the canyon, to
infiltrate into the alluvium, and then flow along the canyon floor within the alluvial aquifer. Flow within the
alluvial aquifer is assumed to be rapid and to result in uniform concentrations that are generally lower
than the RLWTF source concentration. These assumptions are supported by gaging station data, which
indicate higher surface water flow rates than RLWTF release rates, and also by alluvial nitrate
concentration data, which are fairly uniform (i.e., well mixed) throughout the alluvial aquifer on an annual
basis.
Infiltration: A portion of the combined surface water flowing along Mortandad Canyon infiltrates into
alluvial material, creating alluvial groundwater distributed along the canyon. The distribution of alluvial
groundwater used in the Tier-1 groundwater transport simulations was based on a study conducted in the
early 1960s (Purtymun 1967, 11785). That study used monthly data from gaging stations and alluvial
observation wells along Mortandad Canyon to estimate the volume of water infiltrating in three sections
along the canyon, which were designated upper, middle, and lower Mortandad Canyon. The spatial
delineations established in the Purtymun study are shown in Table 3.2-1, along with the estimates of the
interface areas between the base of the alluvium and the underlying tuff, and the rates and volumes of
infiltration for each section. These conservative assumptions are designed to provide a worst-case
estimate of transport.
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Table 3.2-1
Infiltration Estimates from the Alluvial Aquifer to the Unsaturated Zone
for Three Sections of Mortandad Canyon (Purtymun 1967, 11785)
Canyon
Section
Upper
Middle
Lower

Location Markers
(see Figure 2.2-1)
TA-50 outfall to MCO-4
MCO-4 to MCO-6
MCO-6 to Laboratory boundary

Volume of
Infiltrating Water
( L/yr)
6.0 x 107 (60%)

Effective Infiltration
Rate
(m/yr)

Area of Section
(m2)

6.0

9987

7

1.5

12077

7

0.6

37161

1.8 x 10 (18%)
2.2 x 10 (22%)

The estimated effective annual infiltration rates in the upper, middle, and lower portions of Mortandad
Canyon (i.e., 6.0, 1.5, and 0.6 m/yr, respectively) are the highest among several independent analyses.
What is more, the infiltration rates listed in Table 3.2-1 result in a cumulative infiltration volume
(10 x 107 L/yr) that exceeds the recorded discharge volumes (Table 2.1-1). Consistent with the intention
of Tier-1 analyses, the Purtymun infiltration rates were used as point-estimates of infiltration at the
alluvium/bedrock interface in the Tier-1 analysis to minimize transport times through the unsaturated tuff
and are held constant throughout the entire Tier-1 analysis.
Unsaturated-zone transport: Unsaturated-zone flow and transport calculations were run with the FEHM
computer code (Zyvoloski et al. 1997, 70147). In the Tier-1 model, the upper, middle, and lower portions
of Mortandad Canyon described by Purtymun (Table 3.2-1) were represented as three one-dimensional
(1-D) columns, as illustrated in Figure 3.2-2. As the figure indicates, each column was divided into layers
representing the appropriate geologic strata between the base of the alluvium and the top of the regional
aquifer using data from the site-wide geologic model (Carey et al. 1999, 66782).
The Tier-1 analysis used mean-value estimates of hydrologic properties (according to van Genuchten
1980, 63542) derived from site-specific data (LANL 2002, 73113). Fractured strata were assigned very
low porosity values to ensure rapid contaminant transport, consistent with the Tier-1 approach.
The cross-sectional area of each column in the Tier-1 unsaturated transport model was equal to the
appropriate area in Table 3.2-1, and the corresponding effective infiltration rate provided the steady
upper-boundary condition for each column. The total annual contaminant mass discharged from the
RLWTF and entering the alluvial groundwater was mixed with uncontaminated surface water and entered
the unsaturated columns the same year that it was released, assuming short residence time in the
alluvium. Contaminant transport was simulated from 1964 through 2104. Time-dependent contaminant
mass flux from the three columns was input into the saturated-zone model.
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Figure 3.2-2.

Illustration of three 1-D columns used for the Tier-1 unsaturated-zone groundwater
transport simulations

Saturated flow and transport/pumping scenario: The Tier-1 saturated transport model uses the sitescale version of the three-dimensional (3-D) regional-aquifer model described in the Groundwater Annual
Status Report for Fiscal Year (FY) 2002 (Nylander et al. 2003, 76059). The saturated transport
simulations were conducted using the FEHM code (Zyvoloski et al. 1997, 70147). The Tier-1 analysis
assumed that the pumping wells control the spatial distribution of the contaminants entering the regional
aquifer at the water table. In addition, the basalts have a very low porosity (0.0001) to represent rapid
fracture transport in those units. This conceptual model ensures that most of the contaminants will be
captured by the water-supply wells ). The contaminant fluxes exiting the base of the three Tier-1
unsaturated model columns provide input into three cells at the top surface of the 3-D saturated transport
grid, shown in Figure 3.2-3.

Figure 3.2-3.

Illustration of the relationship between the three unsaturated-zone columns and
the grid elements used in the saturated-zone model

The saturated-zone simulation starts in 1946 to create a transient flow condition that is influenced by
pumping wells, and it runs for a 1000-yr period to capture the full tails of the breakthrough curves to
water-supply wells. The model simulates pumping of water according to water-supply, well-production
data for both the Los Alamos County supply wells, and the Buckman well field. These data are averaged
over 5-yr time periods, starting in 1946, as shown in Appendix A. Pumping rates beyond the final 1996 to
2000 period of record are held constant at that 5-yr average rate because of unknown, expected future
pumping rates.
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Pumping of the regional supply wells, especially the PM wells, has a strong control on contaminant flow
rate and direction. In fact, the assumed steady pumping rates used after 1996 are highest for wells PM-2,
PM-4, and PM-5, which are south of Mortandad Canyon. In that scenario, wells PM-1 and PM-3, to the
east of Mortandad Canyon, have relatively low pumping rates. Figure 3.2-4 shows the calculated
concentrations of perchlorate in water pumped from PM-4 and PM-5 over the first 750 yr of a 1000-yr
simulation period, for perchlorate originating from the upper-, middle-, and lower-canyon columns, and the
cumulative concentration from the three columns. Contaminants entering the saturated-zone transport
model after 1996 from the upper-canyon column of the unsaturated transport model flow almost directly to
PM-5 and do not reach the other PM wells over the simulated time frame. Contaminants from the lowercanyon column flow directly toward PM-4 and do not reach PM-5. Contaminants from the middle-canyon
column reach both PM-5 and PM-4. In the Tier-1 groundwater transport simulations, PM-1, PM-2, PM-3,
O-1, and O-4 are not impacted by contaminants from the RLWTF released into Mortandad Canyon
because the flow direction is so strongly dominated by pumping of the wells to the south.
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PM-4 and PM-5 (Time = 0 represents 1964)

Table 3.2-2 gives contaminant travel-time information for the Tier-1 assessment. The unsaturated-zone
travel times represent mean-mass transport times through the upper-, middle-, and lower-canyon columns
in the unsaturated transport model. The saturated-zone travel times are mean-mass arrival times for
contaminants to reach a supply well upon arrival in the regional aquifer at the water table. The total meanmass travel time is reflected in the arrival of the peaks in the perchlorate breakthrough curves for PM-4
and PM-5, given in Figure 3.2-4.
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Table 3.2-2
Tier-1 Mean-Mass Contaminant Travel Times
Unsaturated-zone Travel Time
(yr)

Saturated-zone Travel Time
(yr)

Total Travel Time
(yr)

Upper canyon to PM-5

12

152

164

Middle canyon to PM-5

35

33

68

Lower canyon to PM-4

67

7

74

In the Tier-1 groundwater transport simulations, most of the perchlorate reaching the supply wells
originates from the upper-canyon column in the unsaturated transport model, causing relatively high
concentrations in water pumped from PM-5 for about 200 yr (Figure 3.2-4[a]). Releases from the middlecanyon column create equally high concentrations in PM-5, but these concentrations are shorter-lived
relative to those resulting from the upper-canyon column (Figure 3.2-4(b) and [a]). These relative
concentrations reflect the distribution of contaminants input into each column in the unsaturated transport
model. Perchlorate concentrations at PM-4 from the lower-canyon column are about an order of
magnitude lower than those at PM-5. Nitrate concentrations at wells PM-4 and PM-5 are over 100 times
greater than perchlorate concentrations are, yet scaled nitrate breakthrough curves mimic the timedependent behavior of the perchlorate breakthrough curves because of the correlation of the perchlorate
source to the nitrate source (Figure 3.2-1).
Human-Health Risk Assessment: The concentrations of nitrate and perchlorate calculated for supplywell water in the saturated transport model were used in the Tier-1 exposure and toxicity assessment
calculations. For nitrate, separate HQ values were calculated for infant and adult exposures, using the
applicable reference doses (RfDs) from EPA (EPA Integrated Risk Information System [IRIS]). For
perchlorate, HQ values were calculated for hypothetical adult exposures, using an RfD of 0.00003
mg/kg/day, which is equivalent to an MCL of 1 ppb. Adult HI values were calculated for cumulative
exposures to both nitrate and perchlorate.
Adult HQ and HI values were calculated for chronic 70-yr exposures to 2 L/day of contaminated drinking
water. The maximum concentrations calculated in any individual well over any continuous 70-yr period
were used in the chronic adult-exposure toxicity assessments. This implies that a hypothetical member of
the public drinks 2 L/day of water drawn exclusively from a single well continuously for 70 yr. All sources
of contamination were included in the exposure and toxicity assessment.
Infant HQ values for nitrate also were calculated according to EPA guidance. The infant toxicity
assessment assumed a 0.64 L/day ingestion rate over a period of one year, using the maximum annual
concentration of nitrate calculated in any single supply well. Appendix C provides additional information
on the exposure and toxicity assessment calculations.
Tritium exposures were not explicitly calculated for the Tier-1 assessment because radioactive decay
during the estimated saturated-zone transport time to wells PM-4 and PM-5 was sufficient to reduce
tritium concentrations exiting the unsaturated zone to values of less than 20,000 pCi/L, which is
equivalent to the 4-mrem/yr dose threshold for safe drinking water using EPA’s toxicity and exposure
methodology. The maximum concentration of tritium in pumped water is calculated to be 8000 pCi/L.
In the Tier-1 risk assessment, tritium doses remain well below the 4 mrem/yr safe drinking water standard
throughout the Tier-1 simulation period. Similarly, the HQ and HI values for hypothetical exposures to
calculated concentrations of nitrate and perchlorate in waters pumped from PM-4 never exceed 1.0, and
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HQ values for hypothetical exposures to calculated nitrate concentrations in waters pumped from PM-5
are essentially zero. The Tier-1 HQ for hypothetical infant exposures to nitrate concentrations calculated
in well water from PM-4 and PM-5 never exceeds the threshold value of 1.0. In contrast, the Tier-1 HQ
values for hypothetical exposures to perchlorate concentrations in PM-5 are well above 1.0, reaching a
maximum of about 8.0. The HI values calculated for both PM-4 and PM-5 exposures are due entirely to
perchlorate.
3.3

Tier-3 Groundwater Transport Simulation

The groundwater transport simulations developed to calculate contaminant concentrations as input to the
risk assessment integrates mathematical models of the components illustrated in Figure 2.6-1 and
summarized with the Tier-1 discussion as follows:
•

Source Term: Annual releases of contaminants into Mortandad Canyon from the RLWTF.

•

Alluvial Transport: Discharges from the RLWTF flow along the streambed and into alluvial
groundwater in Mortandad Canyon.

•

Deep Infiltration: Contaminated alluvial groundwater seeps downward into the unsaturated
bedrock (Bandelier Tuff and Cerro Toledo interval).

•

Unsaturated Transport: Contaminated groundwater moves downward through unsaturated
bedrock under the forces of gravity and capillary suction.

•

Saturated Transport: Contaminated groundwater moves from unsaturated rock into saturated
rocks (basalts) and sediments (Puye Formation/Santa Fe Group) and is transported in directions
established by natural and induced hydraulic gradients.

•

Pumping: Contaminated groundwater in the regional aquifer is drawn into supply wells.

The Tier-3 models for source term, infiltration, unsaturated transport, saturated transport, and pumping
incorporates uncertainties in hydrologic and transport parameters and in conceptual understanding were
bounded, but not quantified, in Tier-1 models. The groundwater transport simulations do not explicitly
account for perching at intermediate depths in the unsaturated zone, which is known to occur at some
discrete locations in Mortandad Canyon. However, the unsaturated transport model does implicitly
account for the effects of perching on vertical transport insofar as it is conditioned to bound measured
moisture content and contaminant concentrations.
3.3.1

Tier-3 Source Term

The Tier-3 groundwater transport simulations address annual discharges of wastewater from the RLWTF
into Mortandad Canyon between 1964 and 3002. The simulations are run for 1000 yr into the future so
that maximum calculated concentrations are captured.
Annual tritium and nitrate releases were based on the discharge records in Table 2.1-1, with discharges
for the 1000 yrs beyond 2002 held constant at the 2002 rate. Annual perchlorate releases between 1964
and 2002 (when a treatment process was added at the RLWTF to eliminate perchlorate from discharged
effluent) were inferred from correlations of nitrate and perchlorate measurements in core samples, as
reported by Birdsell et al. (2005, in progress). Both nitric and perchloric acids were used extensively in
radiochemistry activities at the Laboratory. Waste waters containing the spent acids were processed
through the RLWTF, and these acids represent the major source of nitrate and the only source of
perchlorate, in the canyon. Full details of the development of the source term are given by Birdsell et al.
(2005, in progress).
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Figure 2.2-1 shows the locations of the boreholes from which core samples were analyzed for nitrate and
perchlorate pore water concentrations. In order of their proximity to the RLWTF outfall, these boreholes
are intermediate characterization wells MCOBT-4.4 and MCO-7.2, regional characterization well R-15,
and intermediate observation well MCOBT-8.5. Samples from these locations were used to derive a basis
for estimating historic perchlorate releases from the RLWTF.
Figure 3.3-1 shows plots of perchlorate and nitrate pore water concentrations from core samples from
boreholes MCOBT-4.4, MCO-7.2, R-15, and MCOBT-8.5. The plots indicate a correlation between
perchlorate and nitrate concentrations in the vadose zone at all locations except intermediate observation
well MCOBT-8.5. The preferential denitrification of nitrate (rather than perchlorate) is thought to occur at
the site. Because MCOBT-8.5 is farther from the source of contamination at the RLWTF outfall than
MCOBT-4.4, MCO-7.2, and R-15, nitrate in pore water at the location of MCOBT-8.5 has had more time
to undergo denitrification, and this may explain why there is less correlation between perchlorate and
nitrate concentration at that location. Denitrification also helps to explain the decrease in nitrate
concentration relative to perchlorate at deeper locations in MCOBT-4.4 and R-15.
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Data shown in Figure 3.3-1 were used in a regression analysis to establish a basis for estimating the time
history of perchlorate releases. The data associated with core samples from intermediate borehole
MCOBT-4.4 revealed the best statistical relationship between nitrate and perchlorate. Therefore, that data
set was used to develop a relationship to estimate perchlorate releases based on the nitrate releases
listed in Table 2.1-1. In the case of the Tier-1 analysis, the entire nitrate source term from the RLWTF was
used to estimate the 95% upper confidence limit for the source term for perchlorate, as described in
Section 3.2.
The Tier-3 analysis also used the data of nitrate releases from the RLWTF and the correlation between
perchlorate and nitrate at borehole MCOBT-4.4 to develop a perchlorate source term. However, in Tier 3,
the nitrate and perchlorate sources were varied to account for the potential effects of denitrification
throughout the simulation period. In addition, Tier 3 was used to evaluate the impact of eliminating all
discharges from the RLWTF, beginning in 2005. These Tier-3 variations for the nitrate and perchlorate
source term are summarized in the next two sections and by Birdsell et al. (2005, in progress).
The Tier-3 analysis used recorded tritium discharge data for the period after 1972, as shown in
Table 2.1-1. The tritium source was estimated for the years between 1964 and 1971 by comparing alluvial
well concentrations for that time period to the period after 1972. Although tritium is lost through
evapotranspiration, these losses are not included in the study. The tritium source is described in Birdsell
et al. (2005, in progress).
3.3.1.1

Denitrification of Nitrate

Based on site-specific data and literature review, nitrate degradation is likely to occur in alluvial
groundwater. However, the degradation rate is not well known. The Tier-1 analysis did not account for
denitrification of nitrate, which results in a potential overestimate of the inventory of perchlorate because
the nitrate-perchlorate correlation derived for this analysis is based on the entire mass of nitrate released
from the RLWTF, rather than on a degraded nitrate inventory.
The Tier-3 analysis incorporated uncertainty in nitrate degradation rates, which impacts both the nitrate
and perchlorate source terms. In the Tier-3 analysis, a range of degradation rates was used to derive the
source-term model. The primary assumption in this degradation analysis is that the denitrification of
nitrate is the only source of nitrite in the vadose zone in Mortandad Canyon. Nitrite is relatively rare in the
vadose zone on the Pajarito Plateau; therefore, any nitrite present may be from nitrate degradation
(although nitrite can form from reactions other than nitrate degradation). Two methods were used to
estimate the relative degree of denitrification of nitrate, consistent with this assumption. First, the
approximate percentage of nitrogen as nitrite was evaluated using the ratio of nitrite pore water
concentrations to the sum of nitrate and nitrite concentrations detected in specific groundwater and core
samples. Second, the ratio of cumulative nitrite mass to cumulative nitrate plus nitrite mass over the entire
depth of the borehole was evaluated. The results indicated that nitrate degradation estimates in the range
of 2% to 30% were justified, although larger percentages of degradation could even be assumed.
To adjust the perchlorate release estimates in accordance with this range of nitrate degradation
estimates, the nitrate data from borehole MCOBT-4.4 (cf. Figure 3.3-1) were increased by 2% and 30%,
as detailed in Birdsell et al. (2005, in progress), using the following adjusted regression equations, which
represent the average regression equations rather than the 95% upper-confidence limit, as in the Tier-1
analysis:
2%

Perchlorate (mg/L) = 0.001046*(Nitrate mg/L as Nitrate) + 0.037304

30%

Perchlorate (mg/L) = 0.000821*(Nitrate mg/L as Nitrate) + 0.037304
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The “2%” equation above represents the upper bound for the perchlorate source, and the “30%” equation
gives the lower bound for the perchlorate source. For the nitrate source, the upper-bound source simply
uses 98% of the nitrate inventory listed in Table 2.1-1, and the lower bound source uses 70% of the
nitrate inventory. For the Tier-3 analysis, any source within (and including) these bounds is considered to
be equally likely. The Tier-3 source then linearly interpolates between these two bounding source terms
based on a scaling factor chosen for a particular realization, as described by the parameter “source
interpolation factor” in Appendix B.
3.3.1.2 Discontinued Releases
The Laboratory is evaluating alternatives that would allow for the elimination of discharges from the
RLWTF into Mortandad Canyon. To evaluate how this action would impact the transport of contaminants
already in the groundwater system, groundwater transport calculations for perchlorate were conducted
using the Tier-3 source-term model described in the previous section with the following changes to
represent the elimination of future discharges:
•

From 2002 through 2005, the 2002 discharge volume is used (1.1E + 07 L/yr), and the
perchlorate source is assumed to vary randomly along a uniform distribution resulting in a release
concentration of between 1 and 4 µg/L.

•

From 2006 through 2010, the RLWTF discharge volume is maintained at 50% of the 2002 value
to account for residual water in the alluvial system. No perchlorate is released with this water
because effluent releases are assumed to cease in 2006.

•

In 2010 and for the remainder of the simulation, the infiltration rate throughout the entire canyon
(38 1-D columns) is reduced to a steady value of 50 mm/yr, which is consistent with infiltration
rates for canyons with ephemeral surface water cited in the Groundwater Annual Status Report
for FY 2002 (Nylander et al. 2003, 76059). No contamination is included in this infiltrating water.

3.3.2

Alluvial Groundwater Distribution and Infiltration

The annual point-estimates of tritium, nitrate, and perchlorate released into Mortandad Canyon in RLWTF
surface-water effluent were assumed to homogeneously mix with other surface water in the canyon, then
to flow along the canyon floor before infiltrating into alluvium. This assumption is supported by gagingstation data, which indicate higher surface-water flow rates than RLWTF release rates, and also by
alluvial nitrate concentration data, which are fairly uniform (i.e., well mixed) throughout the alluvial aquifer
on an annual basis. The Tier-3 analysis used a distribution of values to account for a cumulative effect of
variable discharge rates, surface water mixing, and evaporation/transpiration, as described in Appendix B
and in Birdsell et al. (2005, in progress).
Three conceptual models of infiltration from the alluvial aquifer to the deeper vadose zone were
developed for the Tier-3 analysis. The specifics of each alternative conceptual model are summarized in
the next subsections, although much more information is provided by Birdsell et al. (2005, in progress).
The following statements apply to all three infiltration models:
•

The time-history of RLWTF discharges represents the volume and constituency of contaminated
water entering the alluvium in Mortandad Canyon.

•

RLWTF discharge volumes are scaled by a variable factor that is used to calculate the volume of
water that enters the canyon as surface flow and ultimately ends up as the volume of water that
can infiltrate into the deep vadose zone. For any single simulation, the value of the conversion
factor is randomly sampled from an input distribution (see “TA-50 flow-to-surface-flow conversion
factor” in Appendix B). The conversion factor accounts for the combined effect of both dilution by
other sources of surface water in Mortandad Canyon and concentration by evapotranspiration.
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•

Mortandad Canyon, between the confluence with Effluent Canyon and the Laboratory boundary,
is split into four sections, called the upper, middle, lower, and bottom sections, as shown in
Figure 2.2-1. These sections are similar to those defined in Table 3.2-1, with the lower section
split into two at well MCO-8. That is, for Tier 3, the lower canyon section is between wells MCO-6
and MCO-8; the bottom canyon section is between MCO-8 and the Laboratory boundary. Timedependent infiltration is then defined in terms of these four canyon sections, as described below.

•

For a given simulation, the maximum infiltration rate for the upper and middle canyon sections is
constant, but the value of the constant is randomly sampled from an input distribution (see
“Infiltration rate for the upper canyon,” Appendix B; the same constant applies for both sections).
The infiltration rate is, however, constrained to maintain at least a minimum of lateral alluvial flow
from one canyon section to the next section, as represented in the model and described in detail
in the following sections.

Table 3.3-1 characterizes the distributions used in the Tier-3 analyses to account for uncertainty in the
maximum value of the upper and middle-canyon infiltration rate (represented as Iupper) at the alluvium/tuff
interface, and the cumulative effects (TA-50 Conversion Factor) that other sources of surface water and
evapotranspiration have on the volume of and the concentrations of contamination in infiltrating water.
Distributions developed for these parameters are based on data sets described by Birdsell et al. (2005, in
progress) and in Appendix B, which gives justification for a lower maximum value of Iupper than was used
in the conservative Tier-1 analysis.
Table 3.3-1
Parameters and Distribution Attributes Used in the Tier-3 Infiltration Models
(See Appendix B for Full Distribution.)
Parameter

Distribution

Min

Max

Mean

Standard
Deviation

Iupper, infiltration rate for the upper
canyon (m/yr)

Normal, truncated at lower end

0.05

4.47

1.31

0.79

TA-50 flow to surface flow
conversion factor

Normal, truncated at lower end

0.30

1.27

0.65

0.21

3.3.2.1

Upper/Middle-Canyon-Dominated Infiltration

The upper/middle-canyon-dominated infiltration model is the Tier-3 conceptual model for infiltration that is
most like the Tier-1 infiltration model. With this model, many of the realizations yield preferentially higher
infiltration rates in the upper and middle canyon sections than in the lower and bottom canyon sections
(Figure 2.2-1). The maximum infiltration rate defined for the upper and middle canyon sections, shown in
Table 3.3-1, is held constant, provided there is a sufficient volume of flow to meet that maximum
infiltration rate and send a defined minimum percentage of alluvial water to the next canyon section.
Table 3.3-2 lists the minimum percentage of alluvial water that is forced to flow from one canyon section
to another for the upper/middle-canyon-dominated infiltration model, as well as for the lower-canyondominated infiltration model, which is discussed in the following section. If for the upper/middle-canyondominated infiltration model, there is an insufficient volume of water entering the upper canyon to satisfy
both the maximum infiltration rate and allow 70% of that water to flow into the middle canyon section, then
the infiltration rate for the upper canyon will be decreased to meet the minimum volume constraint.
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Table 3.3-2
Minimum Fraction of Volumetric Flow between Canyon Sections
Upper to Middle

Canyon Sections
Middle to Lower

Lower to Bottom

Upper/middle-canyon-dominated infiltration (Base case)

70%

40%

5%

Lower-canyon-dominated infiltration (Case 2)

80%

60%

0%

Infiltration Model

Figure 3.3-2 illustrates the upper/middle-canyon-dominated Tier-3 infiltration model by showing 10 of the
1000 infiltration rate histories calculated in the upper and lower canyon sections. (The figure refers to this
conceptual model as “base case” because it is most consistent with the Tier-1 conceptual model.)
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First 10 realizations of 1000 of infiltration in the upper and lower sections of
Mortandad Canyon for the upper/middle-canyon-dominated infiltration model

For a given simulation, the time-dependent, upper and middle (not shown) canyon infiltration rates are
similar because these sections are primarily controlled by the maximum value for the upper/middlecanyon infiltration rate, Iupper, which is automatically and randomly selected from the distribution
represented in Table 3.3-1. When the initial infiltration rate is sufficiently low for the relative infiltration
volumes flowing to each section of the canyon to be maintained (Table 3.3-2), Iupper remains constant
throughout a given simulation. Conversely, when the maximum infiltration rate is too high to maintain the
infiltration distribution among the canyon sections, then the upper- and middle-canyon infiltration rate
varies within a given simulation until that balance is achieved. The infiltration rates in the lower (and
bottom, not shown) canyon section are controlled simply by the volume of water that bypasses the
upper- and middle-canyon sections through the alluvial system. Overall, 95% of the water that enters the
lower-canyon alluvial system infiltrates within the lower canyon, but 5% infiltrates within the bottom, based
on the fraction defined in Table 3.3-2.
3.3.2.2

Lower-Canyon-Dominated Infiltration

The lower-canyon-dominated infiltration model changes the spatial distribution of infiltration relative to the
upper/middle-canyon-dominated model. This model is based on recent water content and contaminant
distribution data gathered in cores at boreholes in the lower section of the canyon. The data indicate
relatively deep contaminant transport (greater than 350 ft) in the lower canyon at the location of boreholes
R-15 and MCOBT-8.5, but not in the bottom canyon section at the location of borehole R-28.
In this alternative infiltration model, a lateral flow of alluvial water is assumed to allow a greater volume of
water to reach and then infiltrate the lower portion of the canyon. This is accomplished by forcing a
greater percentage of water to enter the lower section of the canyon from the upper- and middle-canyon
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sections, and by forcing all of the water that enters the lower canyon to infiltrate rather than to flow to the
bottom section of the canyon. Table 3.3-2 gives the minimum percentages of flow that must pass on to
the next section. The same distribution for the upper-canyon infiltration rate (Table 3.3-1) is used as for
the lower canyon-dominated infiltration rate. However, because a greater percentage of flow is passed
laterally down the canyon, this infiltration model acts to limit the highest rates that might occur in the
upper- and middle-canyon sections. Birdsell et al. (2005, in progress) provide a more comprehensive
description of this infiltration model.
To illustrate the differences in the two uniform infiltration models (i.e., upper/middle-canyon dominated
and lower-canyon dominated), Figure 3.3-3 shows an example of time-dependent (median) infiltration
rates calculated for the four canyon sections for both models. For these examples, Iupper has a value of
1.22 m/yr, and the upper and middle canyon sections maintain this value as long as there is a sufficient
volume of water available to send the required percentage of entering flow (Table 3.3-2) on to the next
canyon section. Recall that the volume of water entering the entire canyon decreases as RLWTF
discharge volumes decrease. For this reason, the upper- and middle-canyon infiltration rates drop off the
steady maximum value after about 1981 for both models because discharge volumes fell. However, the
drop is more significant for the lower-canyon-dominated model because that model requires a larger
percentage of flow to pass on to the lower canyon section. With the lower-canyon-dominated model, the
lower canyon has a higher infiltration rate for the entire time. Although the upper- and middle-canyon
sections maintain a constant infiltration rate, the difference is due only to that volume of water that is not
going to the bottom canyon section. (The lower-canyon-dominated infiltration model sends no water to the
bottom canyon section, as shown in Table 3.3-2.) When the Iupper value is not maintained in the upper
and/or middle sections, the difference is greater. In general, the lower-canyon infiltration rate closely
mimics the time dependency of the RLWTF annual discharge volumes (Table 2.1-1).
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3.3.2.3

Fast-Path Infiltration

A third conceptual model is also considered in the Tier-3 analysis, which simulates a “short circuit” or fast
path through the vadose zone at certain discrete locations along Mortandad Canyon. The fast-path model
hypothesizes that three subsurface zones of high conductivity measured in the electrical resistivity survey
of Mortandad Canyon are indicative of wet zones that represent faster conduits for groundwater flow
directly into the unsaturated tuff beneath the alluvium. Figure 3.3-4 shows portions of the survey where
these local regions of low resistivity (or high conductivity) were measured. One interpretation of these
measurements is that high electrical conductivity correlates with high moisture content. The fast-path
conceptual model simulates these possible wet zones as locations of enhanced infiltration, which causes
faster flow paths for groundwater transport compared to the rest of the vadose zone. (Alternatively, high
electrical conductivity correlating with high moisture content might indicate a highly water-impermeable
zone, such as clay, that holds water but retards its movement.) One conduit is hypothesized for each of
the upper, middle, and lower canyon sections with each located near an observed high-conductivity
region.

East

Figure 3.3-4.

Results of resistivity survey in Mortandad
Canyon, showing several zones of relatively
high electrical conductivity (green to blue)

In the Tier-3 fast-path model, these three conductive zones are assumed to capture 40% of the infiltration
volume that is allocated to the respective canyon section, based on the lower-canyon-dominated uniform
infiltration model. The remaining 60% of the infiltration volume is spread uniformly across the remainder of
the canyon section for that portion that does not represent a fast path. There is no infiltration in the bottom
section of the canyon in the focused infiltration model. The focused infiltration model investigates fast
paths occurring alternately and coincidentally in the upper, middle, and/or lower portions of Mortandad
Canyon.
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Figure 3.3-5 compares the infiltration rates between the lower-canyon-dominated alluvial infiltration
models with uniform infiltration and with fast paths. As in Figure 3.3-4, the results shown in the figure are
from calculations using the median of the distribution of values for infiltration in the upper canyon (Iupper)
and the median of the distribution of values used for the surface-water multiplication factor.
The total volume of water entering a given canyon section is the same in both the focused flow and
uniform infiltration models, but the distribution of that water as infiltration varies. For example, the
infiltration rates in the columns representing the fast-flow path in each canyon section are two to three
times higher than for the uniform infiltration case. However, infiltration for the nonfast flow paths within the
fast-path scenario are correspondingly only about 30% less than for the uniform model.
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For the lower-canyon-dominated infiltration model, 1000 simulations were conducted for each
contaminant for each of the following fast-path locations:
•

Fast path in upper canyon section,

•

Fast path in middle canyon section, and

•

Fast path in lower canyon section.

Then these simulation results were also combined (but not rerun) to generate further combinations of
fast-path simulations as follows:
•

Fast paths in upper and middle canyon sections,

•

Fast paths in upper and lower canyon sections,

•

Fast paths in middle and lower canyon sections, and

•

Fast paths in upper, middle, and lower canyon sections.
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3.3.3

Unsaturated Transport

All unsaturated groundwater transport calculations were run with the FEHM computer code. In the Tier-1
model, the upper, middle, and lower portions of Mortandad Canyon described by Purtymun (1967, 11785)
(Table 3.2-1) were represented as three one-dimensional (1-D) columns, as illustrated in Figures 3.2-2
and 3.2-3.
To allow for the analysis of greater spatial variability in infiltration along Mortandad Canyon, the Tier-3
groundwater-transport simulations represented the unsaturated bedrock between the alluvium in the
canyon floor and the top of the regional aquifer as 38 1-D columns, as illustrated in Figure 3.3-6. These
38 columns are divided among the four canyon sections that partition infiltrating water, as described in
Section 3.3.2 and shown in Figures 2.2-1 and 3.3-6.
GS-1

TW-8

MCOBT-4.4 MCOBT-8.5
R-15

2
6

Upper Mortandad Canyon

Figure 3.3-6.

1
4

2
0

Lower
Mortandad
Canyon

Middle
Mortandad
Canyon

R-13

Bottom Mortandad Canyon

Illustration of the 38 1-D columns used in the Tier-3 unsaturated
transport model, with three columns that are discussed in text

In the Tier-3 analysis, 1000 calculations were conducted for each of the three infiltration boundary
conditions. Each of the 1000 calculations used a different set of randomly selected values from
distributions representing the source term and infiltration boundary conditions discussed in Sections 3.3.1
and 3.3.2, and from distributions for saturated hydraulic conductivity and porosity of seven stratigraphic
layers listed in Table 3.3-3.
Table 3.3-3
Physical and Hydraulic Parameters and Distributions
Used in the Tier-3 Unsaturated Transport Model
Porosity
Stratigraphic Unit

Min

Max

Saturated Hydraulic Conductivity (cm/s)
Distribution

Min

Max

Distribution

Tshirege Tuff, 1g

0.35

0.67

Normal

3.7e-6

4.0e-3

Log normal

Tsankawi Pumice

0.41

0.55

Normal

3.6e-6

1.2e-2

Log normal

Cerro Toledo

0.41

0.56

Normal

5.4e-6

1.1e-2

Log normal

Otowi Tuff

0.33

0.65

Normal

1.6e-5

2.6e-2

Log normal

Guaje Pumice

0.52

0.84

Normal

1.6e-5

1.2e-2

Log normal

-5

Cerros del Rio Basalt

10

Puye Formation

10-5
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0.1

Log normal
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3.1e-5
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Distributions for Unit 1g, the Tsankawi Pumice, the Cerro Toledo interval, and the Otowi Member were
based on an analysis conducted by Springer (2003, 90071), whose tabulated results are included in
Appendix B. Hydrologic property distributions developed for the Guaje Pumice, Cerros del Rio basalt, and
Puye Formation are based on either small sample sets, field tests, or model calibration, as explained in
Appendix B and by Birdsell et al., (2005, in progress).
To represent uncertainty in parameters in the van Genuchten retention model for unsaturated
groundwater flow, the Tier-3 groundwater model varied the van Genuchten α parameter, as
recommended by Springer (2003, 90071) and described in Appendix B. Fixed values based on median
estimates for the other van Genuchten parameters were used; these values were also used in the Tier-1
analysis. In addition, the Tier-3 unsaturated groundwater transport model evaluated longitudinal (vertical)
dispersivity values ranging uniformly between 0.5 and 5.0 m (there is no transverse dispersion because
the columns are one-dimensional). A summary of the complete set of final distributions used for the
simulations are described and included in the appendix that defines parameter distributions, Appendix B.
3.3.3.1

Comparison of Tier-1 and Tier-3 Unsaturated Transport Simulations

Figure 3.3-7 illustrates the difference between the Tier-1 point estimates for the upper and lower canyon
locations and the Tier-3 stochastic unsaturated groundwater transport calculations at similar locations,
using the upper/middle-canyon-dominated infiltration model. The figures compare the single-point
estimate releases over the next 100 yr at the base of the unsaturated zone columns in the Tier-1 model
with the first ten of the 1000 stochastic releases in the Tier-3 model. In each case, the flux shown
represents the total flux for the appropriate canyon section (integrated over the total area of either the
upper or lower canyon section). The ten Tier-3 curves represent ten separate calculations using randomly
sampled values from the input distributions identified in Appendix B. The figures indicate that peak flux
values are higher in the Tier-1 analysis than the Tier-3 analyses. However, initial arrival times are not
necessarily earlier in the Tier-1 analysis, especially in the lower canyon. With the lower-canyondominated uniform infiltration model, the Tier-3 releases at the base of the unsaturated zone in the lower
canyon have even higher peak values (often double) and first arrival times are more advanced than for
the Tier-3 results shown in Figure 3.3-7 (Birdsell et al. 2005, in progress). The general spread in the
Tier-3 curves reflects the variability in source releases and in transport rates caused by the variability in
parameters between different realizations.
Nitrate mass-flux arrivals at the base of the unsaturated grids are similar to the perchlorate curves in
terms of relative peaks and arrival times. The magnitude of the flux is greater because the magnitude of
the nitrate source is larger than the perchlorate source. The curves for tritium, however, are different than
those for perchlorate, as shown by Birdsell et al. (2005, in progress). The breakthrough curves for tritium
are shifted forward in time relative to the perchlorate curves, with no breakthrough after approximately the
year 2060 because radioactive decay sufficiently decreases the tritium mass by that time so that virtually
no tritium exits the bottom of the vadose zone.
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Figure 3.3-7.

3.3.3.2

Comparison of perchlorate total fluxes exiting the base of the unsaturated
zone for the Tier-1 point estimates and 10 realizations of Tier-3 upper/middlecanyon-dominated infiltration simulations. The left figure shows results from
the upper-canyon column(s), and the right figure shows results from the
lower-canyon column(s).

Comparison of Tier-3 Unsaturated Transport Simulations to Field Data

It is useful to compare modeled quantities, such as water content and concentrations, to field data in
order to add credence to the simulation setup and results. This process also helps illustrate how the
complex coupling of the flow and transport mechanisms with the parameter distributions act together to
produce distributions of results. The results presented are from the Tier-3 simulations, using a continuous
source that accounts for denitrification and the upper/middle-canyon-dominated infiltration model. Birdsell
et al. (2005, in progress) present comparisons between simulation results and data at other locations in
the canyon and for other infiltration models.
Figure 3.3-8 compares a time history of alluvial concentrations of nitrate measured in wells MCO-4 and
MCO-6 through 1997 to the calculated time history of nitrate concentration entering the unsaturated-zone
model. Results for the first 10 stochastic realizations are given. The calculated input concentration is a
function of the time-dependent nitrate release stochastically modified to account for denitrification,
surface-water mixing, and evapotranspiration. The input nitrate concentration is not influenced by the
infiltration conceptual model; therefore, this comparison applies for all infiltration models.
From 1964 through 1980 and again after 1994, the modeled concentrations agree well with the measured
concentrations. From 1981 through 1993, the recorded nitrate concentrations released from the RLWTF
(Table 2.1-1) were high, but the alluvial well concentrations did not increase correspondingly. One
explanation for this is that nitrate degradation within the surface and alluvial waters may have been more
efficient in response to the higher nitrate release concentrations during this period. For those same years,
the source model, which uses an assumed constant percentage of nitrate degradation, predicts higher
input concentrations than recorded in the alluvial wells. The unusually high input concentrations predicted
for Realization 5 result from a parameter sampling combination leading to a small fraction of nitrate
degradation (large nitrate source) and a small volume of surface flow in the canyon system (little dilution).
Birdsell et al. (2005, in progress) show a similar plot for tritium that compares calculated tritium
concentration entering the vadose-zone columns to alluvial well data. No such comparison can be made
for perchlorate because its concentration has only recently been measured in alluvial wells.
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Comparison of historical nitrate concentrations in alluvial
wells MCO-4 and MCO-6 to simulated input nitrate
concentrations for the first ten stochastic realizations

Figure 3.3-9 shows modeled volumetric water content as a function of elevation calculated for a
simulation time representing 1998 for the first 100 stochastic realizations. The profiles are plotted along a
single column in the lower-canyon section of the unsaturated transport model and are compared to watercontent measurements from core samples collected from boreholes MCOBT-4.4 and MCOBT-8.5 in
2001, and in R-15 in 1998. The column selected for comparison is Column 20, which is located between
MCOBT-4.4 and R-15 (Figure 3.3-6). The data for MCOBT-8.5 are adjusted upward to align the base of
the alluvium in that well with the top of simulation Column 20 to better compare the three data sets with
the calculated water-content profiles.
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Figure 3.3-9.

Comparison of the first 100 stochastic calculations of
water content as a function of elevation, using the
upper/middle-canyon-dominated uniform infiltration
model, to measured water content from core samples.
The simulation column is located between MCOBT-4.4
and R-15 in the lower canyon section.

The comparison between data and stochastic estimates in Figure 3.3-9 demonstrates a reasonable fit
between spatially and temporally discrete measurements and spatially and temporally variable
simulations. The data fall within the drier end of the distribution of water contents calculated by the
stochastic simulations, especially within the Otowi Member (elevation 1950 to 2051 m in the simulation
grid). A comparison of water-content profiles predicted by the model for the middle canyon near well R-1
with R-1 data also show that the data fall within the drier end of the simulated profiles. It should be
pointed out that a perfect match with single-point data is not expected with a stochastic analysis. Data like
those presented in Figure 3.3-9, and the figures that follow, represent single-point measurements in time
and space, with no variability and limited analytical uncertainty. In contrast, stochastic results by design
represent broad spatial and temporal scales with the goal of representing not only measurement
uncertainty but also the potential spatial and temporal variability.
Figure 3.3-10 compares the first 100 stochastic calculations of perchlorate concentration as a function of
elevation in Column 20 of the unsaturated transport model for the upper/middle-canyon-dominated
uniform infiltration model with measured concentrations in core samples from boreholes MCOBT-4.4,
MCOBT-8.5, and R-15. The elevations for MCOBT-8.5 are again adjusted to align the base of the
alluvium with the top of the 1-D simulation column.
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Figure 3.3-10.

Comparison of 100 stochastic
calculations of perchlorate concentration
as a function of elevation and measured
perchlorate concentrations from core
samples. The simulation column is
located between MCOBT-4.4 and R-15 in
the lower canyon section.

In general, the calculated concentrations are higher than the measurements, indicating that the model
may be overestimating contaminant mass in the unsaturated bedrock. Individual profiles can be chosen
that compare reasonably well, in terms of their shape and depth, to the measured concentration data.
Also, the simulation results bracket the concentration measured in the perched zone found at MCOBT-4.4
at approximately 1930 m. At Column 26, the location represents well R-1 in the middle-canyon section
(Figure 3.3-6); the simulation results also bracket the perchlorate concentration data (Birdsell et al., 2005,
in progress). Again, however, the calculated concentrations are generally higher than the data.
Figure 3.3-11 compares the first 100 stochastic calculations of unsaturated-zone nitrate concentration as
a function of elevation for Column 20 with measured concentrations from boreholes MCOBT-4.4,
MCOBT-8.5 (elevation adjusted), and R-15. For nitrate, the calculated concentrations are higher than the
measured values, again indicating that the model may be overestimating contaminant mass, in
agreement with the measured and calculated alluvial nitrate concentrations shown in Figure 3.3-8.
Although these simulated curves have higher peak concentrations than the observations, the elevation of
the peaks and the general shape of the measured and simulated concentration profiles are in agreement
for most of the simulations. The nitrate concentration data tend toward nondetect values with depth in the
three boreholes, which is not the case for perchlorate concentrations in wells MCOBT-8.5 and R-15.
Many of the simulations have concentration values below 1950 m that do not tend toward nondetectable
concentrations. For nitrate, this appears to be an overprediction of the depth of the contaminant in the
lower canyon section. Simulated nitrate concentration profiles for the middle canyon compared to data
from well R-1 show that the measured concentrations fall at about the midpoint of the simulated values in
terms of magnitude (Birdsell et al. 2005, in progress). However, most of the simulated profiles again
spread deeper than do the data.
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Figure 3.3-11.

3.3.3.3

Comparison of 100 stochastic
calculations of nitrate concentration as
a function of elevation with measured
nitrate concentrations from core
samples. Simulation results are for a
column between MCOBT-4.4 and R-15
in the lower canyon section and use
the upper/middle-canyon-dominated
uniform infiltration model.

Comparison of Tier-3 Unsaturated Transport Simulations Using Alternative Infiltration
Models

Results for the lower-canyon-dominated uniform infiltration model with continuous release are presented
by Birdsell et al. (2005, in progress) and are only briefly summarized here. The results are quite similar to
those for the upper/middle-canyon-dominated uniform infiltration models, but they reflect the difference in
the distribution of infiltration rates by location, as illustrated in Figure 3.3-3. In comparison to the
perchlorate fluxes exiting the unsaturated zone presented in Figure 3.3-7, the fastest releases from the
upper canyon are delayed. All releases to the lower canyon are advanced.
At Column 20 in the lower canyon, the larger lower-canyon infiltration rate for this model leads to
simulated water content values that are slightly higher than those presented in Figure 3.3-9. However, the
data for wells R-1, MCOBT4.4, and MCOBT8.5 still fall within the lower end of the simulated results.
Simulated perchlorate and nitrate concentration profiles as a function of depth are deeper than illustrated
in Figures 3.3-10 and 3.3-11. The simulations overpredict the depth of the contaminants at MCOBT4.4,
where the contaminants are relatively shallow, while still bracketing the value at the perched zone in that
well. Concentration data for wells R-15 and MCOBT-8.5 lie within the simulated distributions.
At Column 26 in the middle canyon, the lower-canyon-dominated infiltration model produces lower
infiltration rates than does the previous model. Simulated water content profiles are not significantly
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different than for the upper/middle-canyon-dominated infiltration model. The water-content data for well
R-1 fall within the lower portion of the simulated profiles. Modeled perchlorate and nitrate concentration
profiles as a function of depth are shallower and compare well to concentration data for these
contaminants measured in well R-1, although the simulated leading edge is again deeper than the data.
Detailed results for the focused infiltration model with continuous release are presented by Birdsell et al.
(2005, in progress). This model uses the lower-canyon-dominated infiltration model as its basis with fast
flow paths superimposed. As expected, the mass fluxes of contaminants exiting the bases of the columns
with focused infiltration occur earlier than in the columns without focused infiltration. Simulated water
content profiles are wetter, contaminants migrate deeper in the focused infiltration locations, and these
profiles do not compare well to data from wells MCOBT-4.4, MCOBT8.5, R-15 or R-1. Profiles calculated
for those columns without focused flow do compare well to the data, similar to results in Figures 3.3-9,
3.3-10, and 3.3-11. The simulated water-content profiles are slightly drier, and the contaminant transport
with depth is delayed, which actually matches the data better than for the two previous uniform infiltration
models. This indicates that lower overall infiltration rates than those used in the two uniform infiltration
models may be postulated.
3.3.3.4

Comparison of Tier-3 Unsaturated Transport Simulations Using Continuous and
Discontinuous Source Models

Figure 3.3-12 shows results for six of the 1000 stochastic calculations of perchlorate mass fluxes exiting
the base of one of the unsaturated-zone columns (Column 14), using the continuous and discontinuous
source models. Column 14 lies in the lower canyon (Figure 3.3-6). Curves of the same color but different
weight represent stochastic realizations using the same set of random parameter values under the two
release conditions, with the continuous (dashed lines) and discontinuous (solid lines) source models. In
all cases shown, color-coded sets of curves are similar until the year 2010, revealing the potential impact
of residual saturation infiltrating from the alluvium, as modeled. After 2010, the solid curves for the
discontinuous source become broader in time, as the result of the reduction in the assumed infiltration
rate, than are the dashed curves for the continuous source. The reduction in infiltration rate is assumed to
represent decreases in the amount of surface and alluvial waters because the outfall no longer releases
surface water. Water and contaminants continue deeper into the system after 2010 as residual pore water
equilibrates. Overall, contaminants are transported more slowly, and in lower concentrations, through the
unsaturated bedrock when liquid and contaminant input is reduced. With the discontinued source,
contaminants are released from the bottom of the unsaturated bedrock (at the top of the regional aquifer)
over longer times, with peak mass fluxes reduced by 50% or more.
Time-dependent mass flux at the bottom of the 38 unsaturated transport columns, similar to those shown
in Figures 3.3-7 and 3.3-12, provided several thousand separate input boundary conditions for the
saturated transport model. Again, 1000 simulations were conducted for each of the 1-D unsaturated-zone
columns, for each of three contaminants (nitrate, perchlorate, and tritium), and for each of the alternative
infiltration models:
•

upper/middle-canyon-dominated infiltration alone (1000 simulations at 38 locations), and

•

lower-canyon-dominated infiltration alone (1000 simulations at 27 locations, because the “bottom”
canyon is inactive with this conceptual model) and with fast paths in each section of the canyon
individually or in combinations (7000 simulations at 27 locations).
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Figure 3.3-12.

3.3.4

Comparison of 6 of 1000 stochastic
calculations of perchlorate mass fluxes
exiting the base of the unsaturated zone
(Column 14 in the lower canyon) for
discontinued (solid lines) and continued
(dashed lines) releases from the RLWTF

Saturated Transport

There are uncertainties in the conceptual model defining groundwater flow and transport in the regional
aquifer. The impacts of conceptual model uncertainties are addressed in the Mortandad Canyon analysis
by considering two distinct conceptual models. These alternatives represent approximately two end
members on a spectrum of potential flow configurations and therefore capture some of the potential
conceptual model uncertainty. The contaminant pathways in the regional aquifer depend heavily on the
existence or lack of existence of a phreatic zone in the shallow portion of the regional aquifer. The
existence of the phreatic zone depends on the strength of the hydrologic separation of the two shallow
and deep compartments of the regional aquifer. This translates into how efficiently the pressure
drawdown caused by the pumping wells propagates to the water table. The two alternative conceptual
models are as follows:
Model A: There is no phreatic zone that is hydraulically separated from the rest of the regional aquifer.
There is no hydraulic separation between the shallow and deep (pumped) aquifer zones, which allows
pumping drawdown to reach the water table. Hydraulic gradients in the phreatic zone are directly affected
by the pumping, and contaminants are drawn toward the wells. Here the two compartments are not
distinct (do not have different hydrodynamic properties); resistance to downward flow is caused by
anisotropic permeability structure (horizontal permeability is greater than vertical permeability).
Contaminants are expected to arrive at water supply wells under these conditions.
Model B: There is a phreatic zone that is hydraulically separated from the rest of the regional aquifer.
There is a strong hydraulic separation between the shallow (phreatic; water-table) and deep (regional
aquifer; pumped) zones, which does not allow the pumping drawdowns to reach the water table.
Hydraulic gradients in the phreatic zone are unaffected by the pumping. Contaminants are expected to
bypass the water-supply wells and will arrive at the springs near the Rio Grande.
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We use these end-member conceptual models to establish two numerical models of transport in the
regional aquifer. The two models examine the effect of uncertainty in hydraulic separation, as shown in
Figure 3.3-13, and create transport pathways that behave similarly to, but not as extreme as, the end
members. Both models are run with the computer code FEHM [Zyvoloski et al. 1997, 70147] and use
modifications of the Laboratory numerical models of the regional aquifer developed through 2002
[Nylander et al. 2003, 76059; Keating et al. 2000, 90188; Keating et al. 1999, 88746; Vesselinov et al.
2001, 90114).

Model "A": Deep Transport Model
Contaminants migrate toward pumping wells

Water Table

kH > k v

Stratified Regional Aquifer

Anisotropy ratio is low enough so that currently (circa 2002) the existing
pumping at depth forms a cone of pressure depression at the water table

Model "B": Phreatic Transport Model
Contaminants primarily migrate laterally in phreatic zone toward springs and Rio Grande;
very small portion move toward pumping wells
Water Table

Phreatic zone

kH >> kv
Confined zone

Compartmentalized (phreatic/confined) regional aquifer

Anisotropy ratio is high enough so that currently (circa 2002) the existing
pumping at depth does not form a cone of pressure depression at the water table

Figure 3.3-13.

Alternative conceptual models of the saturated zone

It should be noted that recent pumping test data indicate that the regional aquifer is heterogeneous and
likely compartmentalized into an upper zone that is phreatic, a relatively impervious lower layer, and
another deeper zone that is the regional water-supply aquifer, which is essentially confined. The test data
are collected during pumping of PM-2 and PM-4 (McLin 2005, in progress, and McLin 2005, 90073),
which makes these conclusions relevant for our site. (To clarify, by “confined here” we mean that the
pressure responses to pumping the regional aquifer demonstrate confined conditions. Confined
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conditions do not mean that there is no potential for water and contaminants to move between the
phreatic and regional aquifer zones.) The upper phreatic zone can be envisioned as a regional “perched”
zone, which facilitates lateral groundwater flow and transport. By pumping the deeper portions of the
regional aquifer, a portion of phreatic groundwater may be drawn downward toward the water-supply
wells by vertical leakance through the relatively impervious layer. Nevertheless, the field data suggest
that pumping in the deeper zone has little effect on the water-table elevation. As a result, the pumping
has little effect of the directions and rates of hydraulic gradients in the upper phreatic zone as well.
Therefore, even if leakance occurs, its impact on the contaminant distribution is likely to be limited, i.e.,
lateral contaminant movement is likely to occur along the phreatic zone. These observations are also
supported by the existing historical records of the groundwater levels in the vicinity of Mortandad Canyon.
In the first numerical implementation (referred to as Model A), the shallow and the deep zones are not
hydraulically separated other than by very low values of vertical permeability for the aquifer rocks. As a
result, the pumping wells control the spatial distribution of the contaminants entering the regional aquifer
at the phreatic surface (water table). By running the numerical model to a future, steady-state condition,
this model ensures that most of the contaminants mix deep into the aquifer and are captured by the
water-supply wells.
In the second numerical implementation (referred to as Model B), the hydraulic separation between the
shallow phreatic zone and the deep confined zones is considered. As a result, most of the contaminants
reaching the phreatic zone are transported laterally so that they remain shallow (i.e., close to the water
table) and move eastward toward the Rio Grande and the springs that emerge along the river (Vesselinov
2005, 90117). However, some hydraulic connection with the regional aquifer is assumed with this model,
and a fraction of the contaminants is pulled toward the pumping wells.
Only Model A is implemented in the Tier-1 analysis, but both models are implemented in the Tier-3 analysis.
The contaminant mass fluxes calculated at the bottom of the 38 Tier-3 unsaturated transport columns
provide input into 38 cells in the saturated transport grid. The horizontal spatial distribution of the 38 1-D
columns in the unsaturated grid coincides with 38 cells in the 3-D saturated transport computational grid.
Table 3.3-4 lists the permeability values for the hydrostratigraphic units represented in the Tier-1 and
Tier-3 saturated groundwater-transport models. Both Tier-3 saturated transport models use modified
versions of the site-scale 3-D regional-aquifer model described in the Groundwater Annual Status Report
for the FY 2002 (Nylander et al. 2003, 76059). Model A uses permeability values obtained by steady-state
calibration of the FY 2002 regional model. Model calibration used 2001 pumping data and head
responses (data). For Model B, the horizontal permeability values were increased, and the vertical
permeability values were decreased for the Puye Formation, the Totavi lentil, and the pumice-rich
sediments so that lateral flow in the phreatic zone is achieved (values with an asterisk in Table 3.3-4).
Each grid element along the top of the saturated transport model is assigned one of the three conditions
known to occur across the plateau. These boundary conditions are no flow (in grid blocks representing
portions of the site where recharge is not thought to occur); specified flux (in grid blocks representing
portions of the site where recharge is assumed to occur, in particular beneath canyons); or specified head
(in grid blocks representing the Rio Grande, where hydraulic pressure is known and assumed to be
constant).
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Table 3.3-4
Permeabilities of Aquifer Materials Evaluated in the Tier-1 and Tier-3 Saturated Transport Model
Permeability
log 10 (m2)
Tier 1
Hydrostratigraphic Unit

Tier-3 Model A

Tier-3 Model B

Horizontal

Vertical

Horizontal

Vertical

Horizontal

Vertical

Pre-Cambrian

-18.00

-18.00

-18.00

-18.00

-18.00

-18.00

Paleozoic/Mesozoic⎯deep

-13.66

-13.66

-13.66

-13.66

-13.66

-13.66

Paleozoic/Mesozoic⎯shallow

-12.60

-12.60

-12.60

-12.60

-12.60

-12.60

Pajarito fault zone

-15.01

-15.01

-15.01

-15.01

-15.01

-15.01

Keres Group⎯deep

-13.66

-13.66

-13.66

-13.66

-13.66

-13.66

Keres Group⎯shallow

-12.71

-12.71

-12.71

-12.71

-12.71

-12.71

Tschicoma lava flows

-13.75

-13.75

-15.31

-15.31

-15.31

-15.31

Older Miocene basalts (Tb1)

-13.14

-13.14

-12.14

-12.14

-12.14

-12.14

Younger Miocene basalts (Tb2)

-13.14

-13.14

-12.24

-12.24

-12.24

-12.24

Cerros del Rio basalts (Tb4)

-13.14

-13.14

-12.05

-12.05

-12.05

-12.05

Older fanglomerate

-13.72

-14.79

-13.10

-13.51

-13.10

-13.51

Santa Fe Group⎯shallow

-13.08

-13.08

-12.87

-16.19

-12.87

-16.19

Santa Fe Group⎯deep

-14.18

-14.18

-16.00

-16.00

-16.00

-16.00

Puye Formation

-12.34

-13.03

-12.85

-16.33

-11.85*

-16.33

Pumice-rich volcaniclastic sediments

-12.34

-13.05

-11.48

-11.48

-10.48*

-16.48*

Totavi lentil

-12.34

-13.03

-12.77

-12.77

-11.77*

-16.77*

* For Model B, the horizontal permeability values were increased, and the vertical permeability values were decreased for the Puye
Formation, the Totavi lentil, and the pumice-rich sediments so that lateral flow in the phreatic zone is achieved.

In the Tier-3 analyses, we use a saturated model representing a range of equally probable future steadystate groundwater flows. Even though currently the actual flow system is far from being at steady state, it
can be expected that in the vicinity of the water-supply wells (which includes Mortandad Canyon), a
quasi-steady-state regime has been established. Under the quasi-steady state, the hydraulic heads
continue to decline in time, but the hydraulic gradients are time invariant and equivalent to the final
steady-state estimates. Therefore, the steady-state model provides us with a relatively good estimate of
the future hydraulic gradients if we assume invariant future pumping rates. The steady-state model does
not allow us to take into account the impact of the known past and the unknown future variations in the
pumping rates on the contaminant distribution/capture. Therefore, the ignoring of actual transients in the
system might have an important impact on the obtained model predictions, but the impact has not yet
been quantified. The impacts of transients on the capture-zone estimates for the water-supply wells in the
vicinity of the Mortandad Canyon have been previously analyzed (Vesselinov 2004, 89728; Vesselinov
and Keating 2003, 90116; Vesselinov and Keating 2002, 89373; Vesselinov 2005, 90040, 89753). This
work demonstrates that the transients in the vicinity of the Mortandad Canyon are important to consider
for accurate estimation of the well-capture zones.
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To take into account the uncertainty in the constant future pumping rates of the water-supply wells in the
Tier-3 analyses, we have assumed that these rates are random but described by the recorded pumping
rates of the water-supply wells for the years 1993–2001 (Birdsell et al. 2005, in progress). The pumping
rates are given in Table 3.3-5. The production year is chosen as the random variable; each year from
1993 through 2001 has an equal probability of being chosen. The Model A simulations then use the
pumping rates for the PM- and O-series wells associated with the chosen year throughout the steadystate simulation. However, for the Model B simulations, the wells are pumped at 10% of the respective
annual pumping rates. This pumping condition (along with the enhanced ratio of horizontal-to-vertical
permeability values set for the Puye units, Table 3.3-4) was set as an engineering approximation to
induce lateral flow and transport in the phreatic zone and cause little deep transport, in accordance with
the desired phreatic-zone behavior for conceptual Model B.
Table 3.3-5
Variable Well Production Rate (kg/s) Evaluated in the Tier-3 Saturated Transport Models
Pumping rates [kg/s]
Well

1993

1994

1995

1996

1997

1998

1999

2000

2001

Mean

Min

Max

PM-1

7.67

5.21

3.57

4.36

5.73

4.12

6.88

12.79

8.00

6.5

3.6

12.8

PM-2

32.15

35.88

26.13

36.27

19.55

46.36

29.91

40.08

36.41

33.6

19.6

46.4

PM-3

20.23

9.46

19.17

14.22

9.67

26.70

16.20

11.16

11.02

15.3

9.5

26.7

PM-4

29.97

55.64

51.40

24.90

49.75

8.99

13.47

23.14

23.74

31.2

9.0

55.6

PM-5

15.12

18.83

34.93

26.96

11.02

26.74

28.44

22.24

15.11

22.2

11.0

34.9

O-1

na

na

na

na

na

8.05

1.56

6.40

3.02

4.8

1.6

8.1

O-4

34.07

24.69

na

25.16

25.98

28.77

24.07

14.28

43.62

27.6

14.3

43.6

na = not available

The computational grid is uniform (structured) in the vicinity of Mortandad Canyon and the water-supply
wells (including beneath the 38 columns for the upper/middle-canyon-dominated infiltration model or
27 columns for the lower-canyon-dominated infiltration model). The Tier-3 saturated transport models
were used to calculate 1000 separate simulations of contaminant transport and the resulting
concentrations in the regional aquifer at various locations (including production wells, regional
observation wells, and Rio Grande/White Rock canyon springs). These calculations addressed variable
fluxes of tritium, nitrate, and perchlorate (3000 simulations) from the bottom of the unsaturated transport
columns (3000 times 38 [or 27] simulations) for each of the 16 infiltration models (3000 times 38 [or 27]
times 16 inputs). In all, more that 750,000,000 calculations of potential contamination levels in well water
were conducted to address conceptual model uncertainties and system heterogeneity. In addition, the
Tier-3 saturated transport simulations considered the variability in aquifer properties as indicated in
Table 3.3-6.
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Table 3.3-6
Aquifer Distributions Evaluated in the Tier-3 Saturated Transport Models
Parameter

Distribution

Min

Max

Mean

Longitudinal dispersivity (m)

uniform

110

190

150

Transverse dispersivity (m)

1/10 of longitudinal
(perfectly correlated)

11

19

15

log normal

-2

-0.53

-1.2

log normal

-5

-0.2

-3

log normal

-5

-0.2

-3

Puye porosity (log10 m /m )

log normal

-2

-0.5

-1

Porosity of alternative units (basalts or Puye/Santa
3
3
Fe Groups) (log10 m /m )

log normal

-5

-1

-3

Santa Fe Group porosity (log10 m3/m3)
3

3

Basalts porosity (log10 m /m )
3

3

Tschicoma porosity (log10 m /m )
3

3.3.4.1

3

Comparison of Tier-1 and Tier-3 Saturated Transport Simulations

Figure 3.3-14 compares the concentrations of perchlorate at production well PM-5, calculated using the
Tier-1 and Tier-3 saturated transport models. The PM-5 curve on the Tier-1 plot represents the single
model prediction; the 1000 curves on the Tier-3 plot represent the uncertainty in the model predictions.
The Tier-3 simulations use regional-aquifer Model A and the lower-canyon-dominated infiltration model
with fast paths in the upper and middle canyon sections and a continuous source of perchlorate. The
differences in the concentration predictions are due to differences between the Tier-1 and Tier-3 models.
These differences are related predominantly to (a) contaminant distribution along the canyon (uppercanyon-dominated infiltration model with a very high infiltration rate for Tier-1 versus the lower-canyondominated infiltration model for Tier 3), (b) the magnitude of the source term (Tier-3 simulations have less
perchlorate mass than the Tier-1 simulation) and (c) assumptions about the unknown post-2001 pumping
rates, which control the direction of transport within the aquifer.

Perchlorate
12
PM4
PM5

Concentration [ppb]

10

8

6

4

2

0

0

200

400

600

Time [a]

Figure 3.3-14. Comparison of Tier-1 (left; green curve) and Tier-3 (right; aquifer Model A and
lower-canyon-dominated infiltration model with fast paths in the upper and middle
canyons sections) perchlorate concentrations [ppb] in PM-5. (Time = 0 is 1964)

ER2005-0580

53

December 2005

Decision Analysis for Addressing GW Contaminants

In the Tier-1 groundwater transport simulations, a large percentage of the contamination reaching the
supply wells originates from the upper-canyon column in the unsaturated transport model because of the
very high, assumed infiltration rate there (Table 3.2-1). This pathway arrives at the regional aquifer in
close proximity to PM-5. The pump rates chosen for the Tier-1 analysis set up southerly gradients in the
regional aquifer, which cause relatively high concentrations in water pumped from PM-5 for about 200 yr
(left). In contrast, a greater volume of water infiltrates in the lower canyon with the Tier-3 model shown,
and a high percentage of the Tier-3 saturated-zone simulations use pumping rates that set up easterly
gradients in the regional aquifer. This leads to a lower calculated breakthrough at PM-5 as compared to
the Tier-1 simulation. However, a large percentage of the Tier-3 simulations that assume aquifer Model A
predict concentrations for PM-3 in excess of 1 ppb. The Tier-1 analysis did not predict this result; in fact,
the Tier-1 analysis predicted an insignificant breakthrough at PM-3. Therefore, although the PM-5
comparison above shows that the Tier-1 predictions were conservative with respect to that well, the Tier-3
results are conservative with respect to concentrations at PM-3. In addition, for PM-4, the Tier-1 results
were conservative; for PM-1, PM-2, O-1, and O-4, the Tier-3 results were conservative, although releases
to these wells are predicted to be very minor. PM-3 results are covered in greater detail in the sections
that follow.
3.3.4.2

Simulated Contaminant Concentrations in Production Wells

Generally, when considering regional-aquifer Model A, little difference results in predicted perchlorate and
nitrate contaminant concentrations and arrival times to the production wells as a result of the assumed
infiltration model. This implies that mixing in the regional aquifer, as affected by pumping, overwhelms
transient or variable conditions that more dramatically affect unsaturated transport. Tritium concentrations
are somewhat affected by the presence of fast paths through the unsaturated zone, as explained by
Birdsell et al. (2005, in progress), because tritium decays quickly (12.3-yr half life) with respect to
unsaturated-zone travel times.
Figure 3.3-15 (a, b, and c) presents the 1000 calculated concentrations of perchlorate in water pumped
from the PM-1, PM-3, and PM-5 wells, assuming regional-aquifer Model A and the lower-canyondominated infiltration scenario with fast paths in the upper- and middle-canyon sections and uniform
infiltration in the lower canyon. Each of the 1000 perchlorate-concentration histories is represented by
different breakthrough curves, with curve coloring used only to visually distinguish the realizations.
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a)

b)

c)

Figure 3.3-15.

1000 perchlorate concentration [ppb] histories at water supply wells (a) PM-1,
(b) PM-3, and (c) PM-5 for simulated fast-path infiltration in upper and middle
Mortandad Canyon and uniform infiltration in lower Mortandad Canyon and
regional-aquifer Model A (Time = 0 is 1964).

Perchlorate concentrations at PM-1 (Figure 3.3-15a) remain relatively constant for approximately 700 yr
of the 1000-yr simulation period. Arrival times are later at (a) PM-1 than at (b) PM-3 and (c) PM-5,
reflecting the fact that (referring back to Figure 2.2-1) PM-1 is farther from the canyon than are PM-3 and
PM-5. Supply well PM-5 is nearest to the canyon and is impacted by a relatively short section of the
canyon nearest the RLWTF source; consequently, perchlorate concentrations at PM-5 arrive earlier
compared to concentrations at PM-1 and PM-3. In fact, a few simulations with the most rapid transport
toward PM-5 indicate that perchlorate could currently be at detectable concentrations (in 2005) in pumped
water. However, this has not been observed, which indicates that those particular realizations are
conservative.
As for PM-1 and PM-5, PM-3 curves reveal generally higher concentrations and more dynamic behavior.
A subset of the 1000 curves for PM-3 rests near the horizontal (time) axis showing very low
concentrations, but another, larger subset shows much higher concentrations; these two sets of curves
are separated by a narrow near-horizontal gap. This split is due to the relative pumping rates of the
ensemble of pumping wells (Table 3.3-5), which affect the flow direction. Those simulations that use the
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1994 or 1995 production rates have relatively greater pumping at PM-4 and PM-5, which sets up more
southerly gradients and yields the lower concentration curves at PM-3. Those simulations with relatively
greater pumping at PM-1 and PM-3 drive easterly gradients and lead to the larger subset of higher
concentration curves at PM-3.
In addition, some of the PM-3 curves have double peaks. The earlier peaks typically have higher
concentrations and spread over a shorter time period; the later peaks typically have lower concentrations
and spread over a longer time period. Causes for this “double-hump” behavior are various. The sourceterm model (and Table 2.1-1) reflects higher-volume effluent releases from the RLWTF at early times
(1963 through 1981); however, the largest contaminant mass releases occur later (1981 through 1989).
Because the highest effluent volume and contaminant mass releases are out of phase, the timedependent mass flux into (and out of) the vadose-zone columns has a double-humped character. In
addition, the concentrations in the water-supply wells represent contaminants released from different
sections of the canyon that have different infiltration models. All of these factors contribute to the dynamic
features of the PM-3 concentration history curves.
In Figure 3.3-16, the cumulative peak nitrate concentration reached in each of 1000 calculations for the
five PM supply wells is depicted as a single point, plotted at the time when the peak concentration is
calculated. Both plots are for simulations that use the lower-canyon-dominated infiltration model and
regional-aquifer Model A. The scatter plot on the left shows results with fast-path infiltration in the upper,
middle, and lower canyon sections, and the plot on the right shows results for uniform infiltration.
The scatter plots show little difference in peak nitrate concentrations from the two “end-member” lowercanyon-dominated infiltration conceptual models. Under both fast-path and uniform infiltration conditions,
the highest concentrations of contaminants occur at PM-3, with lower concentrations of contaminants,
arriving earlier, at PM-5 and PM-4. However, the fast-flow paths yield more peak nitrate concentrations
occurring at PM-5 in the first 100 yr than do the uniform flow paths. Concentrations at PM-5 are also
elevated with the upper/middle-canyon-dominated infiltration model, as described by Birdsell et al. (2005,
in progress). As a result, that conceptual model for infiltration does lead to slightly different results for
PM-5 but quite similar results for PM-3.
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Figure 3.3-16.
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Peak nitrate concentrations [ppm] and peak arrival times [a] at the water supply
wells for fast-path (left) and lower-canyon-dominated uniform infiltration (right)
conceptual models with regional-aquifer Model A
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Figure 3.3-17 compares the 1000 simulations of perchlorate concentration as a function of time in water
pumped from supply well PM-3 calculated for continuous perchlorate releases (plots on left), and
discontinued perchlorate releases (plots on right), for the lower-canyon-dominated infiltration model and
regional-aquifer Model A.

Figure 3.3-17.

Comparison of perchlorate concentrations [ppb] in PM-3 well water with
continuous perchlorate releases (left) and discontinued perchlorate releases
(right) for the lower-canyon-dominated uniform infiltration model and regionalaquifer Model A. (Time = 0 is 1964.)

The most obvious effect of eliminating releases from the RLWTF is a delay in the arrival time of
perchlorate at PM-3. Perchlorate concentrations are not significantly reduced by the elimination of
discharges, according to these simulations. This indicates that future releases (as modeled) are less
important than past releases in determining the ultimate contaminant concentrations at supply wells,
which conforms to the vadose-zone data and model results (Figures 3.3-10 and 3.3-12) that show that the
majority of the perchlorate mass resides in the pore water in the vadose zone.
3.3.4.3

Comparison of Aquifer Models A and B

Figure 3.3-18 shows the portion of the contaminant particles (the particles used in the particle-tracking
simulations) from 27 columns (upper-, middle-, and lower-canyon locations) captured in the supply wells
included in the simulations for the two different conceptual models of the regional aquifer; assuming
predominantly deeper transport and phreatic transport pathways. These results are independent from the
unsaturated zone (infiltration model) conceptualizations. The figure shows that for the case of Model A,
PM-3, PM-4, and PM-5 capture the largest percentage (68%) of contaminant particles. For Model B, the
White Rock springs capture the predominant portion (23%) of the particles. Compared to the Tier-1
calculations, more wells (and the springs) are impacted by releases represented in the Tier-3 analysis.
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Figure 3.3-18. Portion of the 27,000,000 particles (all 27 release locations, all realizations)
captured by the water-supply wells and springs/Rio Grande within 1000 yr for
alternative regional aquifer conceptual models: Model A (left) and Model B (right).
Figure 3.3-19 compares the 1000 simulations of perchlorate concentration as a function of time at PM-3
and at the springs using the aquifer Model B. These results assume the lower-canyon-dominated
infiltration model with fast flow paths in the upper- and middle-canyon sections and uniform infiltration in
the lower canyon. Relative to the PM-3 results for aquifer Model A (shown in Figure 3.3-17), perchlorate
concentrations are substantially reduced. The difference is matched by the increased concentrations
calculated in spring water starting at about 200 yr. Therefore, less contamination is captured by the watersupply wells with the phreatic aquifer model, and more contamination flows toward the Rio Grande with a
relatively longer travel time toward that exposure point.

Figure 3.3-19. Perchlorate concentrations [ppb] as a function of time at PM-3 (left) and
springs (right) for aquifer Model B (note the different concentration scales)
(Time = 0 is 1964).
3.4

Tier-3 Human-Health Risk Assessment

As for the Tier-1 risk assessment (Section 3.2), the Tier-3 risk assessments followed EPA’s guidance
pertaining to chronic drinking-water exposures and calculated values for HI, HQ, and TEDE (EPA IRIS
2005). Adult exposures to nitrate, perchlorate, and tritium were assumed to occur over a 70-yr period,
with an ingestion rate of 2 L/day of water pumped exclusively from an individual well. Every pumping well
included in the saturated transport simulations was evaluated in the exposure assessment, using the
maximum 70-yr average contaminant concentration calculated within the 1000-yr simulation period in the
1000 saturated transport calculations conducted for each infiltration conceptual model. Infant exposures
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to nitrate were assumed to occur over a single year, and maximum annual concentrations calculated in
the saturated transport simulations were used.
The reference doses used in the adult and infant nitrate toxicity assessments were taken from
IRIS/HEAST. The perchlorate toxicity assessments assumed an MCL of 1 ppb, which is the lowest of the
proposed drinking-water standards under consideration for perchlorate. The dose assessment for tritium
used EPA’s 20,000 pCi/L MCL for drinking water.
A probabilistic risk assessment uses the same fundamental exposure and risk equations as do Tier-1
point-estimate approaches. These equations are shown in Figure 3.4-1, which is excerpted from RAGS3
(EPA 2001, 85534).
CANCER AND NONCANCER RISK MODELS

C × IR × EF × ED
BW × AT

Exposure Model:

CDI =

Cancer Risk model:

Risk = CDI × CSF

Noncancer Risk Model:

HQ =

CDI
C
IR
EF
ED
BW
HQ
AT
CSF
RfD

CDI
RfD

chronic daily intake of the chemical (mg/kg-day)
concentration of the chemical in an exposure medium (e.g., mg/L)
ingestion rate (e.g., L/day for water, mg/day for soil, etc.)
exposure frequency (days/year)
exposure duration (years)
body weight (kg)
hazard quotient
averaging time (equal to ED × 365 days/year for noncarcinogens and 70 years × 365 days/year for
carcinogens)
cancer slope factor (linear low-dose cancer potency factor) for the chemical (mg/kg-day)-1
reference dose for the chemical for assessing noncancer health effects (mg/kg-day)
Figure 3.4-1. General equation for calculating human-health risk through
drinking water

In RAGS3 (2001, 85334), EPA states: “In human health risk assessments, probability distributions for risk
should reflect variability or uncertainty in exposure.” This means that only the exposure assessment
portion of the human-health risk assessment is conducted in a probabilistic manner. This is accomplished
by using probability distribution functions rather than point estimates to represent uncertainty and
variability in exposure-point concentrations (i.e., well-water concentrations). The risk equation in
Figure 3.4-1 can be expressed in terms of multiple exposure variables (Vi) and a toxicity term:
Risk = f(V1, V2, Vn) x Toxicity. The exposure variables (Vi) represent the 1000 simulations of
contaminant concentrations in supply wells (conducted for each supply well, for each conceptual model).
Numerical techniques (in this case, Monte Carlo sampling) are used to calculate HI or dose values by
randomly selecting an exposure-point concentration value (Vi) from the concentration distributions
calculated in the groundwater transport simulations. This process is repeated 1000 times to produce a
probability distribution of HI (or dose) values. Each HI calculation assumes that a hypothetical 70-kg
individual drinks 2 L/day of water from a given supply well for 70 yrs.
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Each concentration distribution for each supply well is used to compute HQ values (nitrate and
perchlorate) for each year using the same default EPA assumptions described in the Tier-1 analysis
(Section 3.2). HI is computed adding both components for each year, and the maximum HI value was
searched for in the time series. The maximum 70-yr average concentrations for the radioactive element
(tritium) is searched and then converted to dose values using the same default EPA assumptions
described in the Tier-1 analysis. The output of the risk assessment is 1000 equally likely HI or dose
values for each conceptual model treated in the groundwater-transport simulations.
The results of a probabilistic risk assessment are generally presented in the form of a complementary
cumulative distribution function (CCDF). A CCDF gives the cumulative probability of HI or dose values,
that is, the fraction of the 1000 calculations that produced a specific HI value. The CCDF displays the full
range of HI or dose values calculated and the probability that a given HI or dose value will be exceeded.
In this case, the CCDF is used to visualize the 95% confidence level for an HI less than 1 and a dose of
less than 4 mrem/yr. The results of the risk assessment are given in full in Appendix C, which includes
output for all cases (conceptual models and contaminants) over 100-yr and 1000-yr simulation periods.
Over the 100-yr period and for all wells, HI is computed to be less than 1, and the dose is less than
4 mrem/yr at a greater than 95% confidence level. Presented below are the results for the full 1000-yr
assessment period.
Table 3.4-1 lists the results of the perchlorate and nitrate risk assessments for 1000 yr conducted for
several of the groundwater transport conceptual models. Simulation results are shown for both the
continuous 1000-yr release and interrupted source-term models. Most of the results presented are for the
various vadose-zone infiltration models using regional-aquifer Model A. One result for regional-aquifer
Model B is also presented. The table is shaded to show where the calculated HI or HQ had a greater than
5% probability of exceeding a value of 1 (i.e., where more than 50 of the 1000 stochastic HI or HQ
calculations for each well exceeded a value of 1).
The first seven entries in Table 3.4-1 give risk-assessment results for various infiltration models using the
regional-aquifer Model A. All of these simulations assume that the source and the disposal volumes are
continuous over the entire 1000-yr period. Most of the seven supply wells have a very low probability
(i.e., less than 5%) of exceeding safe drinking water thresholds (i.e., HI or HQ above 1). The one
noteworthy exception is supply well PM-3, which has a greater than 70% probability of exceeding safe
drinking-water thresholds in all seven cases, resulting almost entirely from perchlorate in excess of 1 ppb.
Maximum HI and HQ values approach 8, generally occurring 250 yr from the present in the simulation.
These results also show that the infiltration model assumed for the unsaturated-transport simulations has
little effect on the risk calculated for PM-3.
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Table 3.4-1
Results of the Nitrate and Perchlorate Risk Assessment for a 1000-yr Period
Contaminant(s)
Evaluated

Quantity
Evaluated

Wells
Evaluated

Number of
Calculations
with HI or HQ >1

Probability of
Exceedance of
HI or HQ >1

Maximum
HQ/HI

Year of
Maximum
HQ/HI

Upper/middle-canyon-dominated uniform infiltration with regional-aquifer Model A

Nitrate and
Perchlorate

HI

O-1

0

0.0%

0.0169

630

O-4

0

0.0%

0.5761

247

PM-1

29

2.9%

1.6626

433

PM-2

0

0.0%

0.0612

743

PM-3

744

74.4%

6.9254

179

PM-4

3

0.3%

1.3597

159

PM-5

173

17.3%

2.8264

116

Lower-canyon-dominated infiltration with fast paths in the upper, middle, and lower canyons with regional-aquifer Model A

Nitrate and
Perchlorate

HI

O-1

0

0.0%

3.19E-02

590

O-4

0

0.0%

0.387647

355

PM-1

45

4.5%

1.83055

423

PM-2

0

0.0%

6.07E-02

716

PM-3

754

75.4%

7.643411

265

PM-4

4

0.4%

1.45586

124

PM-5

5

0.5%

1.637122

111

Lower-canyon-dominated infiltration with fast paths in the upper and middle canyons with regional-aquifer Model A

Perchorate

Nitrate and
Perchlorate

HQ

HI

O-1

0

0.0%

0.0241

333

O-4

0

0.0%

0.4287

252

PM-1

43

4.3%

1.8154

383

PM-2

0

0.0%

0.0664

719

PM-3

771

77.1%

7.7959

259

PM-4

8

0.8%

1.5678

177

PM-5

4

0.4%

1.6345

112

O-1

0

0.0%

0.0245

333

O-4

0

0.0%

0.4355

252

PM-1

44

4.4%

1.8436

382

PM-2

0

0.0%

0.0673

719

PM-3

773

77.3%

7.9236

259

PM-4

8

0.8%

1.5916

177

5

0.5%

1.6593

112

PM-5
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Table 3.4-1 (continued)
Contaminant(s)
Evaluated

Quantity
Evaluated

Probability of
Exceedance of
HI or HQ >1

Maximum
HQ/HI

Year of
Maximum
HQ/HI

0

0.0%

0.0222

926

O-4

0

0.0%

0.5302

235

PM-1

41

4.1%

1.9022

393

Wells
Evaluated

Number of
Calculations
with HI or HQ >1

Lower-canyon-dominated uniform infiltration with regional-aquifer Model A
O-1

Perchorate

Nitrate and
Perchlorate

HQ

HI

PM-2

0

0.0%

0.0651

608

PM-3

772

77.2%

7.7455

258

PM-4

12

1.2%

1.7875

170

PM-5

39

3.9%

1.8516

130

O-1

0

0.0%

0.0225

926

O-4

0

0.0%

0.5378

235

PM-1

43

4.3%

1.9313

393

PM-2

0

0.0%

0.066

608

PM-3

774

77.4%

7.8729

258

PM-4

12

1.2%

1.8137

170

PM-5

40

4.0%

1.8776

130

Lower-canyon-dominated infiltration with fast path in the lower canyon with regional-aquifer Model A
O-1

Perchorate

Nitrate and
Perchlorate

HQ

HI

0

0.0%

0.031

590

O-4

0

0.0%

0.4448

245

PM-1

44

4.4%

1.8593

423

PM-2

0

0.0%

0.0617

429

PM-3

750

75.0%

7.4704

266

PM-4

6

0.6%

1.5107

151

PM-5

37

3.7%

1.8209

130

O-1

0

0.0%

0.0319

590

O-4

0

0.0%

0.4514

245

PM-1

45

4.5%

1.8879

423

PM-2

0

0.0%

0.0625

425

PM-3

754

75.4%

7.5931

266

PM-4

6

0.6%

1.5332

151

PM-5

39

3.9%

1.8466

131

Lower-canyon-dominated infiltration with fast path in the middle canyon with regional-aquifer Model A
Perchlorate

December 2005

HQ

O-1

0

0.0%

0.0241

333

O-4

0

0.0%

0.4708

260

PM-1

44

4.4%

1.848

388

PM-2

0

0.0%

0.0681

729

PM-3

773

77.3%

7.7625

258

PM-4

8

0.8%

1.6502

179

PM-5

30

3.0%

1.6453

131
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Table 3.4-1 (continued)
Contaminant(s)
Evaluated

Quantity
Evaluated

Wells
Evaluated

Number of
Calculations
with HI or HQ >1

Probability of
Exceedance of
HI or HQ >1

Year of
Maximum
HQ/HI

Maximum
HQ/HI

Lower-canyon-dominated infiltration with fast path in the middle canyon with regional-aquifer Model A
Nitrate and
Perchlorate

HI

O-1

0

0.0%

0.0245

333

O-4

0

0.0%

0.4783

260

PM-1

44

4.4%

1.877

388

PM-2

0

0.0%

0.069

729

PM-3

774

77.4%

7.8897

258

PM-4

8

0.8%

1.6753

167

PM-5

31

3.1%

1.6704

131

Lower-canyon-dominated infiltration with fast path in the upper canyon with regional-aquifer Model A

Perchlorate

Nitrate and
Perchlorate

HQ

HI

O-1

0

0.0%

0.0222

926

O-4

0

0.0%

0.4979

234

PM-1

41

4.1%

1.871

377

PM-2

0

0.0%

0.0638

699

PM-3

772

77.2%

7.779

259

PM-4

12

1.2%

1.7183

167

PM-5

15

1.5%

1.7841

117

O-1

0

0.0%

0.0225

926

O-4

0

0.0%

0.5064

234

PM-1

43

4.3%

1.9006

377

PM-2

0

0.0%

0.0647

699

PM-3

773

77.3%

7.9059

259

PM-4

12

1.2%

1.7456

167

PM-5

18

1.8%

1.8114

118

Lower-canyon-dominated infiltration with fast paths in the upper and middle canyons with a phreatic regional aquifer model

Perchlorate

HQ

O-1

0

0.0%

8.72E-03

277

O-4

0

0.0%

6.69E-04

216

PM-1

0

0.0%

0.0843

206

PM-2

0

0.0%

1.05E-03

534

PM-3

0

0.0%

0.0695

170

PM-4

0

0.0%

0.0287

239

PM-5

0

0.0%

0.0960

109

Lower-canyon-dominated uniform infiltration with regional-aquifer Model A and source term interrupted in 2006

Perchlorate

ER2005-0580

HQ

O-1

0

0.0%

4.91E-03

630

O-4

0

0.0%

0.2516

565

PM-1

3

0.3%

1.0986

618

PM-2

0

0.0%

0.0412

912

PM-3

629

62.9%

6.0208

254

PM-4

0

0.0%

0.7456

140

PM-5

1

0.1%

1.1109

113
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3.4.1

Risk-Assessment Results for a Continuous Release Scenario, Assuming Regional-Aquifer Model A

The only other supply well with a greater than 5% probability of exceeding safe drinking water thresholds
for nitrate and perchlorate is PM-5, where there is a 17% probability of an HI greater than 1 for a single
scenario, the upper/middle-canyon-dominated uniform infiltration model and regional-aquifer Model A.
This result is qualitatively consistent with the results of the Tier-1 risk assessment, because with that
model, the upper- and middle-canyon sections have high infiltration rates relative to the lower-canyon
section causing contaminants to arrive at the regional aquifer close to PM-5. Interestingly, this Tier-3
model is the only scenario in which nitrate has a significant impact on HI.
Table 3.4-2 compares the mean, minimum, maximum, and standard deviation associated with the 1000 HI
values calculated for PM-3 for each conceptual model evaluated in the groundwater transport simulations,
assuming continuous perchlorate releases throughout the 1000-yr simulation period and assuming that the
regional aquifer acts as a well-mixed system with deep transport that generally reaches supply-well
screens. On inspection, the statistical parameters (mean, minimum, maximum, and standard deviation)
describing the HI distributions appear to be very similar among all conceptual infiltration models.
Table 3.4-2
Statistics of HI Distributions Calculated for Perchlorate in Water Pumped from PM-3
over a 1000-yr Period with Regional-Aquifer Model A and a Continuous Source
Mean HI

Minimum HI

Maximum HI

Standard
Deviation

Lower-canyon-dominated infiltration with fast paths in the
upper, middle, and lower canyons for perchlorate with
regional-aquifer Model A

1.704693

0.070297

7.643411

1.156845

Lower-canyon-dominated infiltration with fast paths in the
upper and middle canyons for perchlorate with regionalaquifer Model A

1.887234

0.096496

7.923608

1.255272

Lower-canyon-dominated infiltration with a fast path in the
upper canyon for perchlorate with regional-aquifer Model A

1.912401

0.096934

7.905859

1.279627

Lower-canyon-dominated infiltration with a fast path in the
middle canyon for perchlorate with regional-aquifer Model A

1.897458

0.096496

7.889667

1.263300

Lower-canyon-dominated infiltration with a fast path in the
lower canyon for perchlorate with regional-aquifer Model A

1.730823

0.071004

7.593081

1.179823

Lower-canyon-dominated uniform infiltration for
perchlorate with regional-aquifer Model A

1.921613

0.096934

7.872927

1.287188

Upper/middle-canyon-dominated uniform infiltration for
perchlorate with regional-aquifer Model A

1.616932

0.059196

6.925407

1.101290

Conceptual Model

A quantitative analysis shows that the correlation between the HI distributions for each conceptual model
range from 0.98 to 1.00, meaning that there is no statistically significant difference in the risk-assessment
results for alternative source-term and infiltration models coupled with saturated transport Model A.
Table 3.4-3 lists the statistical parameters describing the HI distributions calculated for PM-5 over the next
1000 yr for different conceptual models of infiltration and assuming that transport within the regional
aquifer is deep and moves toward the supply wells (Model A). Even though the risk assessment shows a
significant difference in the probability of exceeding an HI of 1 in PM-3 and PM-5, a comparison between
Table 3.4-2 and 3.4-3 shows that the HI probability distributions calculated for the two wells are very
similar. A statistical analysis of the PM-5 HI parameters shows correlations that range from 0.95 to 1.0
among conceptual models of infiltration.
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Table 3.4-3
Statistics of HI Distributions Calculated for Perchlorate for 1000 Yr
in Water Pumped from PM-5 with Regional-Aquifer Model A and a Continuous Source
Mean HI

Minimum HI

Maximum HI

Standard
Deviation

Lower-canyon-dominated infiltration with fast paths in the
upper, middle, and lower canyons for perchlorate

0.331494

0.012085

1.637122

0.180272

Lower-canyon-dominated infiltration with fast paths in the
upper and middle canyons for perchlorate

0.332942

0.012350

1.659323

0.181206

Lower-canyon-dominated infiltration with a fast path in the
upper canyon for perchlorate

0.364866

0.012249

1.811434

0.219947

Lower-canyon-dominated infiltration with a fast path in the
middle canyon for perchlorate

0.456497

0.016703

1.670403

0.248006

Lower-canyon-dominated infiltration with a fast path in the
lower canyon for perchlorate

0.465825

0.017202

1.846617

0.261774

Lower-canyon-dominated uniform infiltration for perchlorate

0.471758

0.017468

1.877768

0.266194

Upper/middle-canyon-dominated uniform Infiltration for
perchlorate

0.644288

0.017334

2.826401

0.409099

Conceptual Model

With respect to the lower-canyon-dominated infiltration models, the focused infiltration conceptual models
do not have a significant impact on the calculated risk at any of the wells. Because the lower-canyondominated infiltration models resulted in nearly equal risks when using regional-aquifer Model A, detailed
results will be provided for individual infiltration models below. The discussions apply equally to all lowercanyon-dominated infiltration models. For completeness, Appendix C describes the risk-assessment
results for all of the cases that were evaluated.
Figure 3.4-2 compares the results of the nitrate and perchlorate risk assessment for alternative
conceptual models for PM-5 in the form of CCDF. The CCDF is obtained by first ordering all simulations
from highest to lowest simulated HI value. A cumulative probability is calculated by starting with the
simulation with the second-lowest HI value and adding the probability of the lowest HI value to it to derive
a cumulative probability (in this case, 1/1000 plus 1/1000). This procedure is followed for each of the
1000 simulations (for each supply well). The CCDF is then produced by subtracting the probability of
each simulation (HI value) from 1.0.
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Figure 3.4-2.

Comparison of complementary cumulative distribution
functions of HI as a result of perchlorate and nitrate in
PM-5 for alternative conceptual infiltration models and a
1000-yr simulation period. All simulations shown
assume regional-aquifer Model A.

Figure 3.4-3 compares CCDFs for nitrate and perchlorate HIs for seven regional supply wells for both the
upper/middle-canyon-dominated uniform infiltration model and the lower-canyon-dominated uniform
infiltration model, with both assuming regional-aquifer Model A. The CCDF for PM-3 in the top figure of
Figure 3.4-3 demonstrates that, for the upper/middle-canyon-dominated uniform infiltration model with the
regional-aquifer Model A, there is about a 10% chance that the simulated HI value is greater than 3.0 and
a 100% chance that the simulated HI value is less than 7.0. Each curve is generated from the results of
1000 Monte Carlo simulations. In the cases shown, each simulation is assumed to be equally likely.
Therefore, the probability of any individual simulation result (HI value) occurring is 1 divided by 1000.
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Complementary Cumulative Distribution Function
Analysis period: 1000 years
PM-5, P (HI >1) = 17.3%

1

PM-4, P (HI >1) = 0.3%
PM-3, P (HI >1) = 74.4%

log CCDF

PM-2, P (HI >1) = 0%

0.1

O-4, P (HI >1) = 0%
O-1, P (HI >1) = 0%
PM-1, P (HI >1) = 2.9%

0.01
0.001
0
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Maximum HI
Complementary Cumulative Distribution Function
Analysis period: 1000 years
PM-5, P (HI >1) = 4.0%
PM-4, P (HI >1) = 1.2%

1

PM-3, P (HI >1) = 77.4%

log CCDF

PM-2, P (HI >1) = 0%
O-4, P (HI >1) = 0%

0.1
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PM-1, P (HI >1) = 4.3%
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Figure 3.4-3.

The CCDF of HI calculated for 1000 equally probable nitrate and
perchlorate exposure-point concentrations in water-supply wells for
the 1000-yr simulation period for (top) upper/middle-canyondominated uniform infiltration model and (bottom) lower-canyondominated uniform infiltration model. Both assume regional-aquifer
Model A.

Figure 3.4-4 is a plot of perchlorate HI as a function of time for PM-3. Because the HI calculations
assume a value of 1 ppb as the MCL in the risk equation shown in Figure 3.4-1, this plot can also be used
to understand the perchlorate concentration history in water pumped from PM-3; the case shown features
focused flow in the upper three sections of the canyon. The plot demonstrates that over a 100-yr period,
the HI for PM-3 meets the stated goals of the risk assessment; that is, HI exceeds 1 in fewer than 5% of
the simulations. Greater exceedances are predicted only over longer time frames.
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Percentage of simulations

Percentage of simulations with HI>1
Well PM-3 - Analysis period: 1000 years

1
0.95
0.9
0.85
0.8
0.75
0.7
0.65
0.6
0.55
0.5
0.45
0.4
0.35
0.3
0.25
0.2
0.15
0.1
0.05
0
2004

2104 2204

2304 2404

2504

2604 2704

2804 2904

3004

Year
Percentage of simulations with an HI >1.0 at a given year
Net percentage of simulations that have exceeded an HI >1.0

Figure 3.4-4.

Percentage of 1000 HI calculations that exceed an HI of 1 for
perchlorate during any given year of the 1000-yr risk simulation.
Lower-canyon-dominated infiltration with fast paths in the upper,
middle, and lower canyons for perchlorate and nitrate with
regional-aquifer Model A.

Figure 3.4-5 compares the CCDFs for tritium doses for the lower-canyon-dominated infiltration scenario
without (top set of curves) and with (bottom set of curves) focused (fast-paths) infiltration in each section
of the canyon. These curves cover only a 100-yr period because releases over a longer time period are
no greater due to the rapid radioactive decay of tritium. The slightly higher doses calculated with the
focused infiltration, bottom figure, reflect the fact that less radioactive decay (and subsequently greater
releases of tritium from the unsaturated zone) occurs with shorter transport times. In the uniform
infiltration case, top figure, maximum HI values are calculated for supply-well PM-3, but with focused
infiltration, maximum HI values are calculated for supply-well PM-5. The reason for the difference is that
tritium from the upper portions of the canyon moves faster toward, and decays less before reaching
PM-5, which is relatively nearer the upper portion of Mortandad Canyon than the middle or lower portions.
The maximum tritium dose is about 0.04 mrem/yr, calculated for a simulation of 2 L/day ingestion of water
exclusively from PM-5 for a 70-yr lifetime. This maximum dose is 100 times below the 4-mrem/yr limit set
by the DOE and the EPA for radionuclides in drinking water. Consistent with EPA’s methodology, the 4mrem/yr limit is the dose equivalent of a chronic (i.e., 2 L/day for 70 yr) exposure to 20,000 pCi/L of
tritium/L of water, which is the MCL for tritium.
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Complementary Cumulative Distribution Function for Tritium.
Analysis period: 100 year
PM-5, P (D>4 mr/y) = 0%
PM-4, P (D>4 mr/y) = 0%
PM-3, P (D>4 mr/y) = 0%
PM-2, P (D>4 mr/y) = 0%
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PM-1, P (D>4 mr/y) = 0%
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Complementary Cumulative Distribution Function for Tritium.
Analysis period: 100 years
PM-5, P (D>4 mr/y) = 0%
PM-4, P (D>4 mr/y) = 0.0%
PM-3, P (D>4 mr/y) = 0.0%
PM-2, P (D>4 mr/y) = 0%
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Figure 3.4-5. Complementary cumulative distribution functions of dose
calculated for 1000 equally probable tritium exposure-point
concentrations in supply wells for (top) lower-canyon-dominated
uniform infiltration and (bottom) lower-canyon-dominated
infiltration with fast paths in the upper, middle, and lower
canyons. Both assume regional-aquifer model A.

3.4.2

Risk-Assessment Results for a Continuous-Release Scenario, Assuming Regional-Aquifer Model B

The eighth entry in Table 3.4-1 gives risk-assessment results for the lower-canyon-dominated infiltration
model with fast paths in the upper- and middle-canyon sections, and uniform infiltration in the lowercanyon section using regional-aquifer Model B. The simulation assumes that the source is continuous
over the entire 1000-yr period. With this regional aquifer model, none of the seven supply wells has a
probability greater than 5% of exceeding safe drinking water thresholds (i.e., HI or HQ above 1). In fact,
the water-supply wells have a 0% probability of exceeding an HI of 1 when the regional aquifer is
assumed to be a stratified system with little deep mixing of contaminants. Even lower drinking-water
concentrations are obtained for the other conceptual models of infiltration with this regional aquifer model,
and the HI analysis was not required for those conceptual models. Also, given that this regional aquifer
model yields results with no risk to the drinking-water supply wells, a statistical analysis similar to those
shown in Tables 3.4-2 and 3.4-3 is not included here. With regional-aquifer Model B, maximum
perchlorate concentrations in the springs are predicted to reach values approaching 7 ppb after
approximately 250 yr, as described in Section 3.3.4.3. However, HI was not evaluated for the springs
because they are not considered to be a viable long-term drinking water source.
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3.4.3

Risk-Assessment Results for a Discontinued Release Scenario

This section presents the results of the risk-assessment calculations conducted for the source-term model
that assumes that discharges from the RLWTF will cease in 2006. The last entry in Table 3.4-1 gives the
risk-assessment result for perchlorate for this case. The simulation assumes the lower-canyondominated, uniform infiltration model and regional-aquifer Model A. When compared to the results in
Table 3.4-1 for the same simulation with a continuous perchlorate source, the cessation of effluent
disposals decreases exposure at PM-3 slightly. For example, with discontinued discharge, the number of
simulations that exceed an HQ of 1.0 decreases from 77.2% to 62.9%, but the maximum HQ for
perchlorate decreases from 7.7 to 6.0. This change does not improve exposures to below the desired
level of less than 5% of results having an HQ greater than 1.0. Exposures at PM-1, PM-4, and PM-5 do
drop from a few percent (1% to 4%) to less than 1% with cessation of the source.
Figure 3.4-6 compares the CCDFs of the maximum HI values calculated for 1000 simulations of
perchlorate concentrations in the various water-supply wells, assuming that the RLWTF releases cease in
2006 over the entire 1000-yr simulation. This can be compared to the bottom figure in Figure 3.4-3 to
demonstrate the approximate difference resulting from source cessation.

Complementary Cumulative Distribution Function
Analysis period: 1000 years
PM-5, P (HI >1) = 0.1%
PM-4, P (HI >1) = 0.0%
PM-3, P (HI >1) = 62.9%
PM-2, P (HI >1) = 0%
O-4, P (HI >1) = 0%
O-1, P (HI >1) = 0%
PM-1, P (HI >1) = 0.3%

log CCDF
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Figure 3.4-6.

Complementary cumulative distribution functions of HI values
calculated for 1000 equally probable perchlorate exposure-point
concentrations in supply wells over 1000 yr, assuming that
RLWTF discharges cease in 2006 (Lower-canyon-dominated
uniform infiltration model with regional-aquifer model A)

Figure 3.4-7 is a plot of the fraction of the 1000 simulations of perchlorate concentrations in water from
supply-well PM-3 that resulted in an HI greater than 1 as a function of time. For example, in the first
100 yr of the simulation, approximately 2% of the 1000 simulations (i.e., 20 simulations) resulted in an HI
greater than 1, but over the entire 1000-yr simulation period, about 63% of the 1000 simulations resulted
in an HI greater than 1. Because the risk assessment assumes a 1 ppb MCL for perchlorate, this plot also
shows the evolution of 1 ppb perchlorate concentrations at PM-3. Comparing this figure to Figure 3.4-4
shows the delay of perchlorate breakthrough at well PM-3 caused by cessation of the source. For
example, 63% of the simulations reach an HI of 1 in approximately 800 yr with the discontinuous source;
77% of the simulations reach an HI of 1 in approximately 450 yr with the continuous source.
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Percentage of simulations
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Figure 3.4-7.

3.4.4

Fraction of 1000 simulations with HI >1 for perchlorate at
supply-well PM-3, discontinued release source term,
lower-canyon-dominated uniform infiltration model and
regional-aquifer Model A

Risk-Assessment Results for Alternative Perchlorate Limits

Given the fact that the EPA has not promulgated a safe drinking water limit (i.e., an MCL) for perchlorate,
and that values between 1 ppb and 24.5 ppb * are being considered, risk-assessment calculations were
conducted to determine the probability of exceeding an HI of 1 for several assumed MCL values for
perchlorate. The results are provided in Table 3.4-4. This analysis indicates that if the MCL for
perchlorate were 5 ppb or greater, the potential of exceeding an HI of 1 in drinking water over a 1000-yr
period would be less than 5% for all unsaturated-zone and saturated-zone conceptual models.

*

The National Research Council of the National Academy of Sciences recently proposed a limit of 0.0007 mg/kg/day, which equates
to 24.5 ppb for perchlorate in drinking water.
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Table 3.4-4
Probability of Exceeding HI of 1 over 1000 Yr for Several Assumed MCL for Perchlorate
Conceptual model

Upper/middle-canyondominated uniform
infiltration for
perchlorate with
regional-aquifer Model A

Lower-canyondominated infiltration
with fast paths in the
upper and middle
canyons for perchlorate
with regional-aquifer
Model A

Lower-canyondominated uniform
infiltration for perchlorate
with regional-aquifer
Model A

Lower-canyondominated infiltration
with fast path in the
lower canyon for
perchlorate with
regional-aquifer Model A

Lower-canyondominated infiltration
with fast path in the
middle canyon for
perchlorate with
regional-aquifer Model A

December 2005

Wells

Assumed MCL for Perchlorate [ppb]
1

2

3

4

5

6

7

>7

O-1

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

O-4

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

PM-1

2.7%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

PM-2

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

PM-3

74.1%

32.9%

9.7%

2.8%

0.5%

0.2%

0.0%

0.0%

PM-4

0.3%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

PM-5

16.7%

0.4%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

O-1

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

O-4

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

PM-1

4.3%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

PM-2

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

PM-3

77.1%

42.2%

16.5%

5.2%

1.5%

0.4%

0.2%

0.0%

PM-4

0.8%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

PM-5

0.4%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

O-1

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

O-4

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

PM-1

4.1%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

PM-2

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

PM-3

77.2%

43.1%

17.2%

5.8%

1.7%

0.4%

0.3%

0.0%

PM-4

1.2%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

PM-5

3.9%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

O-1

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

O-4

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

PM-1

4.4%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

PM-2

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

PM-3

75.0%

37.1%

12.6%

3.6%

0.5%

0.4%

0.1%

0.0%

PM-4

0.6%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

PM-5

3.7%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

O-1

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

O-4

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

PM-1

4.4%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

PM-2

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

PM-3

77.3%

42.4%

16.9%

5.4%

1.6%

0.4%

0.2%

0.0%

PM-4

0.8%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

PM-5

3.0%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%
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Table 3.4-4 (continued)
Conceptual model

Lower-canyondominated infiltration
with fast path in the
upper canyon for
perchlorate with
regional-aquifer
Model A

Lower-canyondominated uniform
infiltration for
perchlorate with
regional-aquifer
Model A and source
term interrupted in
2006

4.0

Wells

Assumed MCL for Perchlorate [ppb]
1

2

3

4

5

6

7

>7

O-1

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

O-4

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

PM-1

4.1%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

PM-2

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

PM-3

77.2%

42.9%

17.1%

5.7%

1.8%

0.4%

0.3%

0.0%

PM-4

1.2%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

PM-5

1.5%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

O-1

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

O-4

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

PM-1

0.3%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

PM-2

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

PM-3

62.9%

10.8%

1.2%

0.3%

0.2%

0.1%

0.0%

0.0%

PM-4

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

PM-5

0.1%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

IDENTIFICATION AND EVALUATION OF POTENTIAL RISK-MANAGEMENT ACTIVITIES

This report describes a decision-analysis methodology involving the following steps:
1. the definition and quantification of goals;
2. the definition of the state of knowledge on the nature and extent of contamination and potential
pathways leading to human exposure;
3. the calculation of a baseline risk posed by existing contamination; and
4. the identification and evaluation of potential risk-management activities.
Previous chapters presented the results of steps 1–3 for the Mortandad Canyon analysis. This chapter
discusses the identification and evaluation of potential risk-management activities. Recall that this report
is only a demonstration of this approach and is not the corrective-measures study.
Recall in Chapter 3 that the risks associated with the potential migration of perchlorate to supply wells
were acceptable for a 100-yr time period. However, the perchlorate risks were unacceptable for the
1000-yr time period, assuming that the regional aquifer acts as a well-mixed aquifer with transport
pathways controlled by supply-well pumping. For this situation, the probabilities that an HI value greater
than 1.0 would be realized at PM-3 were around 75% for all infiltration conceptual models and for PM-5
about 15% for one conceptual model using an RfD of 0.00003 milligrams per kilogram per day
(mg/kg/day) for perchlorate, which equates to a drinking water concentration of 1 ppb. Therefore, this
section investigates potential risk-management activities that could reduce these probabilities to
acceptable levels (less than 5%). An analysis of the correlation between the results of the different
vadose-zone conceptual models demonstrated a very large correlation between the models (correlation
coefficients greater than 90% for all models) and justified the use of almost any conceptual model of
infiltration in the following analysis. In addition, the alternative conceptual model for the regional aquifer
(Model B) is analyzed and discussed.
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4.1

Identifying Potential Risk-Management Activities

In an optimal situation, the risk-based decision-analysis process would have been completely integrated
into the Mortandad Canyon investigation and remedy selection process. However, the risk-based
decision-analysis process was being developed as the Mortandad Canyon characterization activities were
progressing in parallel. Therefore, although there are a large number of potential risk-management
activities that could be employed at Mortandad Canyon, the analysis presented below focuses only on
additional characterization with a minimal discussion on groundwater monitoring. As characterization
work on Mortandad Canyon proceeds, the baseline risk assessment and, to some degree, the evaluation
of risk-management alternatives presented in this document can be used and modified, if need be, to
support additional potential risk-management activities. Such activities could include, but are not limited
to, contaminant mass removal in the alluvial system, vadose zone, and regional aquifer, wellhead
treatment, or monitored natural attenuation.
4.2

Evaluation Process

Evaluating potential risk-reduction activities involves the following five steps:
1. parameter screening to identify the few parameters that control simulated concentrations and
therefore HI values;
2. uncertainty-reduction analysis to determine if the reduction in parameter uncertainty could result
in acceptable risk;
3. determination of the likelihood of achieving the required uncertainty reduction (called the
likelihood of success);
4. estimation of costs and completion times for the uncertainty-reduction activities; and
5. combining the likelihood of success with costs and completion times in a presentation to decision
makers.
As mentioned previously, the Mortandad Canyon risk-based decision analysis occurred in parallel with
Mortandad Canyon characterization efforts. Therefore, the decision analysis is not yet fully integrated into
the Mortandad Canyon project. In the analysis presented in this document, only steps one and two were
completed. These steps are described below.
4.2.1

Parameter Screening

It is neither practical nor beneficial to evaluate the worth of collecting data on every model parameter.
Therefore, parameter screening is used to define a subset of parameters that have the largest impact on
calculated HI values (recall that doses from tritium were well below health limits for all simulations). To
minimize the chance of excluding an important parameter, two sensitivity analysis methods are used to
identify the key parameters that control calculated risks. Those methods are correlation and linearregression analysis. Correlation and regression analysis were performed using statistical software by
StatSoft, Inc. (STATISTICA data-analysis software system, Version 6, www.statsoft.com, 2001). Each
method and its associated results are described below.
4.2.2

Correlation Analysis

The correlation analysis calculates partial correlation coefficients between the distribution of input
parameter values used in the groundwater transport simulations and the corresponding HI value
calculated in the risk assessment. By definition, correlation coefficients range from -1 to +1 and are
dimensionless. The greater the absolute value of the correlation coefficient, the greater the sensitivity of
the model output to changes in the value of a specific input parameter. The results of the correlation
analysis are summarized in Table 4.2-1, which shades parameters that have an absolute correlation
coefficient greater than 0.2 for one or both wells, PM-3 or PM-5.
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Table 4.2-1
Correlation Coefficients Calculated for Input Parameters
and Model-Calculated HI Values for Regional-Aquifer Model A
Source Term and Infiltration

PM-3

PM-5

Source interpolation factor

0.500

0.001

TA-50 flow to surface-water conversion factor

0.650

0.299

Infiltration rate for the upper canyon

-0.23

0.49

-0.08

0.03

Unsaturated Groundwater Transport
Longitudinal dispersivity in unsaturated bedrock
Hydraulic conductivity of Guaje Pumice Bed

0.02

0.01

van Genuchten α for Guaje Pumice

0.07

0.02

Porosity of Guaje Pumice

0.01

-0.07

Hydraulic conductivity of Bandelier Tuff Unit 1 g

0.01

-0.03

Porosity of Bandelier Tuff Unit 1 g

0.04

-0.01

van Genuchten α Bandelier Tuff Unit 1 g

0.04

-0.02

Hydraulic Conductivity of Bandelier Tuff Otowi Member

0.04

-0.03

Porosity of Bandelier Tuff Otowi Member

0.02

-0.07

van Genuchten α for Bandelier Tuff Otowi Member

-0.01

0.01

Hydraulic Conductivity of Cerro Toledo

-0.02

0.01

Porosity of Cerro Toledo

-0.04

0.01

0.02

-0.00

-0.06

-0.00

0.04

0.00

van Genucten α for Cerro Toledo
Hydraulic Conductivity of Tsankawi Pumice
Porosity of Tsankawi Pumice
van Genuchten α for Tsankawi Pumice

-0.01

-0.02

Hydraulic Conductivity of Cerros del Rio Basalt Unit 4

0.01

-0.03

Porosity of Cerros del Rio Basalt Unit 4 (shared with saturated zone)

0.02

-0.02

Hydraulic Conductivity of Puye fanglomerate

0.05

-0.02

van Genuchten α for Puye fanglomerate

0.02

0.01

van Genuchten n for the Puye fanglomerate

-0.01

0.04

Porosity of Puye fanglomerate (shared with saturated zone)

-0.22

-0.06

Saturated Groundwater Transport
Longitudinal dispersivity of regional aquifer

-0.02

0.13

Supply well production period (1993–2001)

0.50

-0.21

Porosity of the Totavi Lentil

-0.03

0.02

Porosity of the Pumiceous Puye

-0.01

-0.11

Porosity of the Sandy Santa Fe

-0.09

-0.13

Porosity of Tb2

-0.03

0.05

Porosity of Tb2 or Ts

0.03

-0.04

-0.21

-0.37

Porosity of Puye fanglomerate (shared with unsaturated zone)

-0.22

-0.06

Porosity of the Deepest Basalt Unit

-0.01

0.03

Porosity of the Santa Fe fanglomerate

Porosity of the Tschicoma Flows
Porosity of Tb4 or Tpf
Porosity of Cerros del Rio Basalt Unit 4 (shared with unsaturated zone)
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Of the 36 input variables in the groundwater-transport simulations, the following six were found to have
the largest correlations with calculated HI values for PM-3:
TA-50 flow to surface-water conversion factor
Source interpolation factor
Supply-well production period during 1993–2001
Infiltration rate for the upper canyon
Porosity of the Puye fanglomerate
Porosity of the Santa Fe fanglomerate
For PM-5, the following four parameters have the largest correlation coefficients:
Infiltration rate for the upper canyon
Porosity of the Santa Fe fanglomerate
TA-50 flow to surface water conversion factor
Supply-well production period during 1993–2001
4.2.3

Linear Regression Analysis

Another method of identifying sensitive or controlling model parameters is to construct a linear regression
between model input parameters and model output, in this case HI values. The output of the regression
analysis is a linear equation of the following general form:
HI = intercept + [a1 × (parameter 1) +a2× (parameter 2) … + aN×(parameter N)],
In this case,” parameter” is a normalized version of the original sampled parameter,

Psc =

P − Pmean
StdP

,

where
Psc is the normalized value of parameter P,
Pmean is the mean value of parameter P, and
StdP is the standard deviation of parameter P.
The reason for the normalization is to minimize the effects of the relative magnitude, units of
measurement, and range of a given parameter versus another parameter. For example, the porosity of
the Bandelier Tuff is dimensionless and ranges from zero to one, but the vadose zone dispersivity has
units of 1/m and ranges from 0.5 to 5.0. Therefore, a 10% change in the dispersivity would result in a
larger impact on model results than a 10% change in the porosity. In addition, if the units of dispersivity
were changed to feet instead of meters, the range of its values would increase, and the absolute model
sensitivity would also change.
The resulting regression line provides a basis for predicting HI values and, in some sense, can be seen
as a replacement model for the complex set of source term, vadose zone, regional aquifer, and humanbehavior models. The coefficients of the regression equation provide a measure of importance of each
parameter. Because the goal of the parameter-identification phase of decision analysis is to define a
subset of parameters for further investigation, stepwise regression was used to identify the subset of
parameters that explains the majority of the variation seen in HI values.
The basic stepwise regression-analysis procedure involves three steps, (1) identifying an initial model;
(2) iterating the model of the previous step by adding or removing variables in accordance; and
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(3) terminating the iteration when further iteration no longer improves the model. The stepwise linear
regression analysis was conducted for PM-3 and PM-5.
Plotted in Figure 4.2-1 is the best-fit regression line for PM-3. In addition, individual plotted points
representing, on the x-axis the HI values associated with output from the Tier-3 Monte Carlo analysis
(called the observed values), and on the y-axis, points corresponding to the HI values predicted by using
the same parameter values in the regression model.

Figure 4.2-1.

Linear-regression analysis results for PM-3 for
perchlorate using the upper/middle-canyondominated uniform infiltration model and
regional-aquifer Model A

The equation of the line shown in Figure 4.2-1 is
HI = 1.6151

ER2005-0580

+ 0.55519

×

(Production period during 1993-2001)

- 0.2451

×

(Puye fanglomerate porosity)

- 0.2413

×

(Santa Fe fanglomerate porosity)

- 0.2289

×

(Infiltration rate for the upper canyon)

- 0.1799

×

(TA-50 flow to surface-water conversion factor)

+ 0.12071

×

(Source interpolation factor)

- 0.0618

×

(Tsankawi Pumice hydraulic conductivity)

- 0.0606

×

(Regional aquifer longitudinal dispersivity)

- 0.0532

×

(Vadose zone longitudinal dispersivity)
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The linear-regression analysis for PM-3 indicates that these nine input variables account for 43.7% of the
variability in the HI distribution, but the complete set of all input distributions account for 43.8% of the
variability of the HI values. The absolute value of the regression coefficient for each value correlates with
the relative importance of the variable, and the sign of the regression coefficient indicates the direction of
effect of a given parameter on predicted HI values. This negative regression coefficient indicates that as a
parameter value increases, the HI values decrease and vice versa.
As with any linear regression, some indication of how well the predicted values fit the observed, or in this
case, model-calculated values, must be provided. Following is a probability plot of the residuals, that is,
the difference between model-predicted and regression-predicted HI values (Figure 4.2-2). If the
regression provided a perfect fit to the model-predicted values, all residual values would be zero.
However, that is not ever the case. Instead, there is a distribution of residuals, and the questions become
(1) what is the magnitude of residuals, and (2) how are the residuals distributed? From Figure 4.2-2, one
can see that the residuals are distributed over a range of -2 to less than 5. With respect to the distribution
of residuals, about 90% are less than an absolute value of 1.0. In addition, there is very little systematic
overprediction or underprediction of HI values. On Figure 4.2-2, zero systematic error is shown by the line
drawn through the data points. Although there is some deviation of the residuals from the line, deviations
occur in less than 1% of the positive residuals and about 5% of the negative residuals. In other words, the
linear regression provides a very good fit to the data.

Figure 4.2-2.

December 2005

Probability plot of residuals for the linear regression of PM-3 data for
perchlorate, using the upper/middle-canyon-dominated uniform infiltration
model and regional-aquifer Model A.

78

ER2005-0580

Decision Analysis for Addressing GW Contaminants

The results of the linear regression for PM-5 are shown in Figure 4.2-3.

Figure 4.2-3.

Linear regression analysis results for PM-5
for perchlorate, using the upper/middlecanyon-dominated uniform infiltration
model and regional-aquifer Model A.

Regression analysis for PM-5 reveals that 10 input variables are sufficient to provide a reliable prediction
of HI, according to the following regression model:
HI = 0.64218350

+ 0.20766837

×

(Infiltration rate for the upper canyon)

- 0.1558593

×

(Porosity of the Santa Fe fanglomerate)

- 0.0810868

×

(Porosity of the Sandy Santa Fe)

- 0.0795939

×

(Production period during 1993–2001)

+ 0.06384799

×

(Factor TA-50 flow to surface-water conversion factor)

+ 0.05425311

×

(Regional Aquifer longitudinal dispersivity)

- 0.0454184

×

(Porosity of the Pumiceous Puye)

+ 0.02261700

×

(Source interpolation factor)

- 0.0182292

×

(Bandelier Tuff Otowi Member porosity)

- 0.0180355

×

(Puye fanglomerate porosity)

The most significant (sensitive) variables are very similar for PM-5 and PM-3. Furthermore, the six
sensitive variables identified in the correlation analysis are among the sensitive variables identified in the
regression analysis. In a general sense, it appears that the HI values are controlled by dilution and by
groundwater and transport velocities. That is, the infiltration rate and the TA-50 flow-to-surface water
conversion factor have a direct effect on groundwater velocities. Groundwater velocities and porosities, in
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turn, affect contaminant transport velocities. Finally, pumping rates as affected by the production period,
the TA-50 flow to surface water conversion factor, and the dispersivity, all affect the dilution of
contaminants.
4.2.4

Uncertainty-Reduction Analysis

The purpose of the uncertainty-reduction analysis is to determine if reducing the uncertainty in one or
more of the significant input variables identified in the sensitivity analysis could reduce the risk to
acceptable levels. In the case of the Mortandad Canyon analysis, acceptable levels were defined as less
than a 5% chance that HI values would exceed a value of 1.0. The uncertainty-reduction analysis itself
does not prescribe specific actions, nor does it assert that any action could be effective. Rather, it
determines if, and if so, how much, uncertainty reduction would be necessary and sufficient to change the
HI distribution (i.e., to reduce the risk).
The general process of uncertainty-reduction analysis is to mine the existing information provided by the
Tier-3 Monte Carlo analysis. Specifically, the Monte Carlo analysis provides us with 1000 parameter sets
corresponding to 1000 HI values for each of the conceptual models and all wells. Uncertainty-reduction
analysis searches these data, one model-input parameter at a time, for new ranges of parameter
distributions that would limit the number of HI values that exceed a value of 1.0% to 5% of the total or
less. By truncating the parameter values outside this range and their corresponding HI values, a new
hypothetical distribution of model input and output is found that meets the exceedance probability. This
information is not used in any real risk assessment of the site but is passed on to the next step in the
decision-analysis process—estimating the likelihood that such a reduction in parameter uncertainty could
occur through future site characterization and/or research.
The specific vadose-zone conceptual model chosen is upper/middle-canyon-dominated uniform
infiltration. The regional aquifer is represented with Model A, for which most contaminants are drawn
toward the pumping wells. This conceptual model produced a probability of 74.4% of exceeding an HI of
1.0 in PM-3 (which is similar to all other conceptual models) and a 17.3% probability of exceeding an HI
of 1.0 in PM-5 (which is the largest exceedance for PM-5 for all the conceptual models).
Reduction in uncertainty in parameters that affect HI values at PM-3 was performed for all of the
parameters identified in the previous section except the pumping period. The reason for excluding the
pumping period is that this parameter represents variability in past pumping schemes, not uncertainty. In
a general sense, variability cannot be reduced. However, a later section will discuss the potential for
managing pumping rates or of using characterization to discriminate between conceptual models as a
means of achieving a 95% confidence that HI values will be less than 1.0. With regard to the remaining
parameters, no amount of uncertainty reduction in any parameter yielded an exceedance probability of
less than or equal to 5%. Therefore, no amount of parameter uncertainty reduction through further site
characterization or research would cause the PM-3 results to meet project goals for the protection of
human health, provided that the conceptual Model A for the regional aquifer holds.
Next, an uncertainty analysis was conducted to determine what level of uncertainty reduction in the 10
sensitive variables identified in the linear regression analysis for PM-5 would be necessary and sufficient
to reduce the exceedance probability to less than 5%. Again, PM-5 only exceeds the performance
standards when the upper/middle-canyon-dominated uniform infiltration model is combined with regionalaquifer Model A. Shown in Table 4.2-1 are the results of the uncertainty-reduction analysis for PM-5 for
this case. These results indicate that reducing uncertainty in 2 of the 10 sensitive input variables could be
effective in reducing the probability of exceeding an HI of 1.0 to less than 5%.

December 2005

80

ER2005-0580

Decision Analysis for Addressing GW Contaminants

Table 4.2-1
Results of Uncertainty-Reduction Analysis for PM-5
PM-5
% Exceedance

Condition 1

Condition 2

4.80%

Infiltration rate for the upper alluvium <1.2 m/yr

Porosity —Santa Fe fanglomerate >0.02

4.04%

Infiltration rate for the upper alluvium <1.0 m/yr

—*

4.80%

Porosity of the Santa Fe fanglomerate >0.1

—*

* = There is no second condition.

Table 4.2-1 shows that if future characterization and/or research could prove one of the following: that the
maximum infiltration rate in the upper and middle canyon sections (as described by the variable Iupper in
the upper/middle-canyon-dominated infiltration model, Section 3.3.2.1) could be shown to be less than or
equal to 1.0 m/yr, or that the porosity of the Santa Fe fanglomerate could be demonstrated to be greater
than 0.1, then calculated HI values would be lower than 1.0 at the 95% confidence limit. In addition, if joint
characterization and/or research on porosity and infiltration could prove that the maximum infiltration rate
in the upper and middle canyon sections is less than or equal to 1.2 m/yr and the porosity of the Santa Fe
fanglomerate is greater than or equal to 0.02, PM-5 results would comply with the project safety goals.
4.3

Additional Risk-Reduction Possibilities

The previous section identified potential reductions in parameter uncertainty that could lead to compliance
with the project goals for discharges to well PM-5. Beyond parameter uncertainty reduction, a few
additional risk-reduction activities were identified and are discussed in this section.
4.3.1

Conceptual Model Uncertainty

Recall that for PM-5 only one conceptual model had a probability of less than 95% of an HI value being
greater than 1.0. That conceptual model assumed higher infiltration rates in the upper and middle
sections of Mortandad Canyon, above the confluence with Ten Site Canyon, than below that confluence.
In addition, deep transport within the regional aquifer (Model A) was required. If future site
characterization shows that the upper/middle-canyon-dominated infiltration model is untenable, then
PM-5 would comply with the stated goals, regardless of the regional-aquifer conceptual model.
It is also very important to point out that the use of the phreatic regional-aquifer model (Model B) resulted
in acceptable risk for all wells, including PM-3. Therefore, site-characterization activities should be
identified that are capable of distinguishing between the behaviors upon which the two aquifer conceptual
models are based.
4.3.2

Discontinuing Discharges into Mortandad Canyon

The original simulations assume that the discharge rate from the RLWTF is continuous from 2002 through
3003 at the 2002 rate of 1.1 x 107 L/yr. The perchlorate concentration during that same time was held
constant for a given simulation within a range between 51 and 55 ppb. This concentration was based on
the nitrate/perchlorate source correlation. However, the current treatment at the RLWTF removes
perchlorate to a value below the detection limit of 4 ppb. In addition, Laboratory management could
decide to shut off all discharge from the RLWTF. Therefore, simulations were performed to estimate the
possible effects of discontinuing discharges from the RLWTF on perchlorate transport through the vadose
zone, the regional aquifer, and health indicators at the production wells. This scenario differs from the
original sets as described in Section 3.3.1.2. Results of this scenario indicate a probability of exceedance
for PM-3 of 62.9% and 0.1% for PM-5, based on the lower-canyon-dominated uniform infiltration model
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and Model A for the regional aquifer. In essence, turning off the source does not affect the overall
conclusions that releases to PM-3 will still be unacceptable if regional aquifer Model A applies, because
the majority of the contaminant mass was released before the assumed management action. This mass
predominantly resides in the unsaturated zone and will eventually reach the regional aquifer.
4.3.3

Management of Pumping Rates

The importance of the diluting effects of production-well pumping rates on HI values was recognized in
the parameter screening (sensitivity analysis) step. At that time, the thought was that pumping, which is
required for local water consumption, was not a factor that should be considered as a risk-reduction
option. However, upon further reflection, the possibility of controlling the flow from individual wells while
maintaining the same overall discharge was analyzed as a potential means of keeping HI values
below 1.0.
The variable used in the Tier-3 Mortandad Canyon analysis represented pumping schemes over the past
years but did not represent all possible rates or combinations of pumping rates from the different wells.
Recognizing that pumping is a variable that can be controlled, that it can have a significant impact on HI
values, and that the total volume of water pumped is the main constraint, another sensitivity analysis and
uncertainty analysis were performed. These analyses used the pumping rate from each well as the
independent variable instead of the pumping scheme associated with a specific year (as done in the
original analysis). The dependent parameter in these analyses was the mean HI for PM-3 and PM-5,
averaged over seven conceptual models. Next, the sum of HI values (mean HI for PM-5 + mean HI for
PM-3) for each simulation was calculated. The final dependent variable was then the logarithm of the sum
of HI values.
Shown in Table 4.3-1 are the resulting partial correlation coefficients of the pumping rates at each well
and the dependent variable (sum of HI values). Note the strong correlation between the sum of the HI
values and the pumping from wells PM-4 and O-4. This is in apparent contradiction to the fact that the HI
values at PM-4 and O-4 are consistently very low. The effect of pumping at PM-4 and O-4 appears to be
their influence on the direction and rate of flow between the location where contaminants arrive at the
water table to the location of wells PM-3 and PM-5 (which have the largest HI values). In contrast, PM-3
and PM-5, the wells with the largest HI values, have the smallest correlation coefficients.
Table 4.3-1
Partial Coefficient of Correlation
Predictor Variables

ln(SumHI)

Q PM-3
Q PM-5
Q PM-4
Q PM-1
Q PM-2
Q O-1
Q O-4

0.13
-0.19
-0.73
0.38
0.21
0.32
0.54

Next, a regression equation was developed, relating the rate of flow from each well to the dependent
variable (the logarithm of the sum of average HI values for PM-3 and PM-5). The resulting regression
equation is
ln(SumHI) = 1.902 + .00185*Q_PM3 + .0013*Q_PM5 - .029*Q_PM4
+ .0471*Q_PM1 - .0327*Q_PM2 - .0024*Q_O1 + .0166*Q_O4.
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The correlation coefficient (r) for this equation is 0.86, and the adjusted R2 is 0.74, which implies that 74%
of the variability of the summed and averaged HI values can be explained solely by the pumping rates of
the production wells. A comparison of the model-calculated dependent variable (from the Monte Carlo
analysis) and the dependent variable produced by the regression equation is shown in Figure 4.3-1.
1.6

Predicted Ln(HI for PM3+HI for PM5)

1.4
1.2
1.0
0.8
0.6
0.4
0.2
0.0
-0.2
-0.4
-2.0

-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

2.0

2.5

Observed Ln(HI for PM3 +HI for PM5)

Figure 4.3-1.

Observed and predicted values of the logarithm of the
summed averages of HI values for PM-3 and PM-5 for
the upper/middle-canyon-dominated uniform infiltration
for perchlorate with regional-aquifer Model A

Given the regression equation relating pumping rates to HI values, the next step was to determine which
combination of pumping rates could result in HI values staying below 1.0. To accomplish this, the
dependent variable (ln[SumHI]) is set to less than zero in the regression equation. Next, the regression
equation is rescaled to force the total pumping rate to equal 135 kg/s (the average value for the period of
1992–2001) by multiplying all terms by 135/1.902. In doing so, we obtain the following equation for
managing the pumping rate:
-135 kg/s > 0.131*Q_PM3 + 0.092*Q_PM5 - 2.058*Q_PM4 + 3.344*Q_PM1
- 2.321*Q_PM2 - .170*Q_O1 + 1.179*Q_O4.
By meeting the constraints of this equation, pumping rates can be adjusted in a manner that ensures that
HI values remain below 1.0 while still supplying the total amount of water required for the current supply
system. This shows that higher relative pumping rates at PM-2 and PM-4 (which draw the plume in a
southerly direction) help minimize HI exceedance; and it also shows that higher relative pumping rates at
PM-1 and O-4 (which draw the plume east or northeast) yield higher HI exceedance. As examples,
analyses of HI at PM-3 and PM-5 as a function of the production year showed that 1994 and 1995
production rates did not yield HI values greater than 1.0 for more than 5% of the realizations; all other
years exceeded the desired HI requirements for PM-3, assuming regional-aquifer Model A. The
management equation (given above) is satisfied if the 1994 or 1995 pumping rates (Table 3.3-5) are
inserted into the right side of the equation, yielding values of -148 kg/s and -149 kg/s, respectively. In
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contrast, the 2000 pump rates (Table 3.3-5) yield a value of -78.6 kg/s for the right side of the equation,
which does not satisfy the equation and agrees with the risk-assessment results.
4.4

Summary

The calculated risk is unacceptable for PM-3 for all but one conceptual model and for PM-5 for one
conceptual model based on an RfD of 0.00003 mg/kg/day for perchlorate (equivalent to 1 ppb). This
section identified potential reductions in parameter uncertainty and conceptual models that would result in
acceptable risks for PM-5. No amount of reduction in parameter uncertainty produced acceptable risks for
PM-3.
Two potential risk-management activities could result in acceptable risk at PM-3. The first is to disprove
regional-aquifer Model A, which maximizes deeper transport toward the wells, as a viable alternative.
Disproving the Model A assumptions for the regional aquifer would leave Model B, which maximizes lateral
transport along the phreatic zone and yields acceptable risk for PM-3 and for all of the other water-supply
wells. As noted above, these two alternative conceptual models represent near-end members with regards
to aquifer behavior, and it would be difficult to “disprove” Model A. The best alternative is to examine
available and future sampling and monitoring data from the Mortandad Canyon area to see if contaminants
travel laterally near the water table or downward to the well screens. Additionally, acceptable risk at PM-3
could be achieved through optimal management of pumping rates of the production wells.
5.0

CONCLUSIONS AND RECOMMENDATIONS

A risk-based decision-support process has been developed and implemented to assist the Laboratory
environmental restoration project in determining what actions are most effective in reducing the potential
drinking-water impacts from groundwater contaminants in Mortandad Canyon. Similar implementation of
the decision-support process is planned for Los Alamos/Pueblo Canyon, Cañon de Valle, and many of
the larger material disposal areas. The risk-based decision-support process implements
recommendations from the EPA, the DOE, and the National Academy of Sciences to address
environmental contamination problems in the face of inevitable uncertainty. After summarizing the results
of the baseline human-health-risk assessment and the associated identification and analyses of potential
risk-reduction activities, this chapter discusses several recommended applications of the decision
analysis.
5.1

Summary of Results

The risk-based decision analysis described in this report integrates data, models, and technical expertise
within a rational, structured process to support decisions related to characterization, remediation, and
monitoring of groundwater contamination that has resulted from discharges into Mortandad Canyon from
the RLWTF. Goals set for human health risk include a 95% confidence that HI values are less than 1.0 for
perchlorate and nitrate, and the total effective dose equivalent of less than 4.0 mrem/yr for tritium. Of all
of the chemicals present in the RLWTF discharge wastewater, these three present the greatest potential
hazard to drinking water because of their high solubility, high mobility, and toxicity.
The risk-assessment calculations used EPA’s RfDs for nitrate and perchlorate and dose conversion
factors defined by DOE and EPA for tritium. At the beginning of the Mortandad Canyon analysis, the EPA
had a provisional RfD for perchlorate of 0.00003 mg/kg/day, which is equivalent to a groundwater
concentration of 1 ppb. Late in the analysis, EPA changed the RfD for perchlorate to 0.0007 mg/kg/day,
which is equivalent to a groundwater concentration of 24.5 ppb. However, the Mortandad Canyon
analyses proceeded with the much lower RfD, which, at a minimum, provided an opportunity to
demonstrate the process and some potential applications.
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Several other assumptions of and/or input to the analyses are conservative despite efforts to define
realistic conceptual models and parameter distributions. An updated analysis to further limit these
conservatisms would yield even lower HI values than presented in this analysis. First, a smaller source
term may be warranted. A broader distribution of the perchlorate and nitrate inventory that shifts the mean
and lower bounds to smaller values may be warranted, as described in Sections 3.3.1.1 and 3.3.3.2.
Lower maximum infiltration rates may be warranted as well because predictions made with the highest
infiltration rates overpredict unsaturated-zone moisture contents and the depths of contaminant profiles
(Section 3.3.3.2). With regards to regional-aquifer concentrations, the assumption of constant future
pumping rates (over 1000 yr) maximizes transport in a given direction, as controlled by the relative
pumping rates of the wells. The wells are not continuously pumped at constant rates, and pumping
variability would disperse contaminants. In addition, the current water-supply wells have an expected
lifetime of decades rather than centuries, as used in the simulations, and predicted contaminant
concentrations at the supply wells over decades do not yield HI values greater than 1.0. With regards to
water-supply concentrations, Los Alamos County blends its waters; blending of waters from PM-3 or
PM-5 could readily be used to decrease perchlorate concentrations to values less than 1.0 ppb. The
updating of these assumptions and input parameters to be more realistic is not recommended at this time.
The possible conservative input parameters are noted here for completeness. The discussion of watersupply operations is included because extrapolation of predicted results must be grounded by known
operating conditions. The impacts of these conservatisms may be evaluated in the future, if warranted, to
help analyze future remedial actions for Mortandad Canyon.
5.1.1

Baseline Risk-Assessment Results

First, a Tier-1 point-estimate calculation of HI was performed that demonstrated that a more realistic
analysis was warranted. The Tier-1 analysis yielded a maximum HI of 12, based on an assumed RFD for
perchlorate of 1 ppb. Therefore, a Tier-3 or fully probabilistic analysis was performed. The probabilistic
analysis demonstrated that nitrate, perchlorate, and tritium do not pose an unacceptable risk to any of the
current drinking-water supply wells over the next century. Furthermore, neither nitrate nor tritium
concentrations are likely to exceed threshold values over the next millennium. Using the assumed RfD
values along with assumptions of continuing discharges from the RLWTF and continued pumping of
existing supply wells, perchlorate poses an unacceptable risk within 100 to 1000 yr, with maximum HI
values of less than 8.0. For well PM-3, the probability of HI values exceeding 1.0 was well above the 5%
confidence limit for all but one conceptual model. Only one conceptual model indicated a possible
exceedance probability of greater than 5% for well PM-5. For all other PM- and O-series wells, the
probability of HI exceeding 1.0 over 1000 yr was less than 5%.
An interesting result of these analyses was that the Tier-1, supposedly conservative analysis, was not
conservative at each pumping well. In the Tier-1 analysis, contaminants arrived at wells PM-4 and PM-5
at concentrations that were higher, and over time scales that were shorter, than in the Tier-3 analysis.
The Tier-1 analysis was therefore conservative with respect to wells PM-4 and PM-5. However, in the
Tier-1 analysis, contaminant transport to other regional wells did not occur. Particularly in the case of
PM-3, the estimated HI values were significantly larger in the Tier-3 probabilistic assessment than they
were for the Tier-1 conservative analysis. In fact, PM-3 had no risk in the Tier-1 analysis, but it had the
greatest risk of any well in the Tier-3 analysis. This result shows that choosing a conservative scenario is
complicated, and not always obvious, in a system that has coupled and competing processes that control
contaminant migration. Another interesting result was that including fast flow paths as an unsaturatedzone transport mechanism did not increase the calculated risk at the water-supply wells.
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5.1.2

Potential Risk-Reduction Activities Analyzed

The formulation of risk in this risk-based decision analysis incorporates uncertainty in all aspects of
groundwater flow and transport. Therefore, risk may be reduced by site characterization and/or research
that reduces parameter and/or conceptual model uncertainty.
Only two risk-reduction activities have the potential to decrease the risk at PM-3 to within acceptable
limits, assuming the 1 ppb perchlorate RfD. Those activities are (1) to control pumping rates from the
production wells; and (2) to show that transport within the regional aquifer is shallow. Risks at PM-5 could
be reduced to acceptable levels by (1) showing that infiltration within the lower canyon section is
preferred over infiltration into the upper- and middle-canyon sections; (2) to show that transport within the
regional aquifer is shallow; (3) reducing uncertainty in the maximum infiltration rate in the upper and
middle canyon sections; and (4) reducing uncertainty in the effective porosity of the Santa Fe
fanglomerate.
Risk could also be reduced if discharges from the RLWTF are eliminated in the near future. The riskreduction assessment indicates that maximum HI values would be reduced by a factor of two or three if
discharges from the RLWTF were eliminated. However, this activity alone would not lead to acceptable
risk, assuming the regional-aquifer Model A and the 1 ppb perchlorate RFD.
5.2

Integration with Ongoing Mortandad Canyon Efforts

In parallel to this risk-based decision analysis, the Laboratory is continuing to characterize the
hydrogeology and nature and extent of contamination in Mortandad Canyon mainly through drilling
additional boreholes and sampling from the vadose zone and the regional aquifer. In addition, a
groundwater-monitoring network for Mortandad Canyon and Laboratory property in general is being
designed, and eventually corrective actions will be considered and evaluated. Following is a discussion
on the potential use of the results of additional characterization efforts in the risk-based decision
framework.
5.2.1

Integration with Field and Laboratory Characterization Activities

The decision-support process is designed to guide site characterization and/or research. In this mode,
recommendations for additional characterization and/or research are made if there is a reasonable
likelihood that the results of data collection will change a decision and if characterization and/or research
are superior alternatives, in terms of additional factors such as cost and time, relative to other riskmanagement activities such as remediation. In Section 5.1, only a handful of data-collection activities
were identified that have the potential to change the decision that something must be done to reduce the
risk to PM-3 and PM-5, under the assumptions of this study. However, as mentioned previously,
Mortandad Canyon work has been proceeding in parallel with the analyses presented in this report.
Therefore, site characterization is proceeding, based on plans made before this decision-analysis work
was completed.
In general, ongoing field-characterization work will yield information about the nature and extent of
contamination, indirect information on model-input parameters, and information on model assumptions
(i.e., conceptual models). Because Mortandad Canyon is the first full application of the risk-based
decision-support process, the results of field characterization efforts can also be used to evaluate and
refine the process.
It is critical to point out that the goal of the decision-support process is to provide defensible decisions, not
to provide model results that perfectly agree with all data, which is not possible anyway. It is very likely
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that new data will change model input parameters and/or assumptions, but the question for the risk-based
decision process is whether new data change the models in a manner that leads to different riskmanagement decisions. As it stands, the analysis presented in this report concludes that something must
be done to reduce the risk to people drinking water from PM-3 and PM-5 when an RfD of 0.00003
mg/kg/day (1 ppb) is used for perchlorate. In addition, analyses have shown that some new data have the
potential to change this decision. Therefore, the results of ongoing, or future, data collection efforts should
be viewed in this light. Data that throw into question the decision-support process will be data that either
lead to HI values greater than 1.0 at the 95% confidence levels for wells other than PM-3 and PM-5 or at
times before 100 yr. The most likely reason for such a change would be an incomplete characterization of
uncertainty in our analyses. This is entirely possible because this analysis included only a limited number
of people in defining uncertainty, specifically conceptual-model uncertainty. The decision support process
calls for the inclusion of all stakeholders (DOE, regulators, public, etc.) in the definition of uncertainty.
However, the inclusion of all stakeholders was not possible for these Mortandad Canyon analyses.
In any event, the results of new data collection should be used to update model parameters and
assumptions. Given the long-term nature of the risk posed by contamination in Mortandad Canyon and
the slow movement of contamination, this updating of model parameters and assumptions does not need
to be done at every step of the characterization effort. Instead, we recommend the development of an
integrated decision analysis-characterization schedule leading to recommendations for corrective actions.
5.2.2

Use of the Risk-Based Decision-Support Process for Groundwater Monitoring Network
Design

As it stands now, the risk-based decision analysis for Mortandad Canyon cannot be used directly in
designing a groundwater-monitoring network for the regional aquifer below Mortandad Canyon. The
reason it cannot be used is that the goals of the analysis presented in this report and the goals of a
monitoring network may not be the same. The goals of the monitoring network have not been defined but
are likely to focus on minimizing the likelihood that a contaminant may migrate beyond Laboratory
borders or to a supply well undetected by the monitoring network. Such a goal would necessitate
revisiting the conceptual model formulation for both the vadose zone and the regional aquifer. This, in
turn, could lead to a reformulation of the models themselves. On the other hand, the majority of the work
done in support of this Mortandad Canyon analysis is likely to be very useful in the network design,
including, but not limited to, the characterization of the source term, the quantification of parameter
uncertainty, and the implementation of the numerical transport models.
5.2.3

Potential Use of the Risk-Based Analysis in Cleanup

The risk-based decision analysis presented in this report can be used to make general recommendations
on corrective measures needed to reduce risk from contaminants in Mortandad Canyon. If the project
deems that risk must be reduced through cleanup, then the risk-based decision analysis can identify the
amount of contaminant mass that must be reduced and the optimal location of mass reduction. However,
more detailed models would need to be constructed to optimize the mass-reduction process.
5.2.4

Potential Use of the Risk-Based Analysis for Monitored Natural Attenuation or Defense of
Technical Impracticability

The results of the risk-based decision analysis for Mortandad Canyon indicate that some action is needed
to reduce risk to people drinking water in the future at PM-3 and PM-5, under the assumptions of the
study. Therefore, this analysis may provide much of the basis for either monitored natural attenuation
(MNA) or a determination of technical impracticability (TI), but additional work and actions are required in
both cases. For example, this analysis indicates that MNA alone is not sufficient to control risks
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associated with the potential migration of perchlorate to either PM-3 or PM-5. Put another way, natural
processes alone are not sufficient to attenuate the perchlorate plume before reaching the PM-3 and PM-5
supply wells. In addition, a TI waiver would require analyses beyond those provided in this report,
including but not limited to, remedy feasibility and costs. However, the analyses presented in this report
could provide the foundation and starting point for either MNA or a TI waiver.
5.3

Concluding Remarks

The Mortandad Canyon analysis documented in this report has provided an example and test case for the
Laboratory risk-based decision process. Application of the risk-based decision process has demonstrated
that uncertainties in the nature and extent of contamination and groundwater flow and transport can be
quantitatively accounted for in decision making. In addition, this report demonstrated a process for
quantifying the link between environmental decision making and the need for additional characterization
and/or research. This link provides a quantitative basis for answering the key questions of how much data
to collect, what type of data to collect, where to collect it, and most importantly, when data collection is
finished. Although not every aspect of the risk-based decision process was exercised for Mortandad
Canyon, it is clear that this approach can be used on other Laboratory canyons, material disposal areas
(MDAs), as well as sites involving nongroundwater pathways. As envisioned in the integrated technical
strategy, risk-based decision analysis will be applied systematically across all transport and exposure
media, first one medium and one site/source at a time, then one medium and multiple interacting
(cumulative) sites/sources, then multiple media and multiple sources.
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