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zone. Preliminary results for the aquifer-related dose assessments show that doses are well below
relevant performance objectives for low-level waste sites,

Keywords: Performance assessment; Hydrology; Radioactive waste; Unsaturated zone

1. Intreduction

Energy, 1998).

Finally, the top tier of the triangle represents the total system performance assessment
(TSPA) where the individual PA models are coupled to simulate the total system. The
TSPA may use a deterministic approach, but probabilistic analyses are usually em-
ployed. An important feature of the PA process is its iterative nature. Information needs
can be identified and additiona] information gathered at any tier throughout the process,
thus reducing uncertainty in the performance predictions. Although the diagram in Fig. 2
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Abstracted
Models

Conceptual Models
and Process-Laevel Models

f Site Data

Fig. 2. Performance assessment methodology (based on U.S. Department of Energy. 1998).

mance calculations use models that are abstracted from the more complex phenomeno-
logical models, although they remain at the process level. The models are used to
calculate the source release of the waste, the continued migration of the waste through
the unsaturated and saturated zones, and the potential aquifer-related doses to human
receptors. An advantage of using process models throughout the analysis is that a strong

plex hydrogeology and topography of the site and yields radionuclide flux estimates to
the regional aquifer. Within the unsaturated-zone model. the source release of radionu-

groundwater concentrations are converted to aquifer-related doses, This dose informa-
tion, along with information predicted for other exposure pathways. is included in the
site TSPA.

All calculations were run with the finite-element code FEHM, which simulates
single- and multi-phase fluid flow and reactive contaminant transport through porous
and fractured media (Zyvoloski et al.. 1997). General screening and scaling techniques,
which help to make site assessment with process-level models tractable by reducing the
number of contaminants requiring full analyses, are also presented.

formerly used disposal sites at the LANL. Using already tested and proven models is
expected to significantly streamline the corrective-action process for these formerly used
radioactive waste disposal sites.
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2. Site description
2.1. Stratigraphy and topography

The strata that underlie the LANL waste site are composed of a series of nonwelded
to moderately welded rhyolitic ash-flow and ash-fall tuffs underlain by a thin pumice
bed. a thick basalt, and a conglomerate formation (Krier et al., 1997) as shown in Fig. 3.
The tuft layers were deposited during violent eruptions of volcanic ash from the Valles
Caldera some 1.2 to 1.6 million years ago (Smith and Bailey, 1966; Gardner et al.,
1986). Since then, the tuff has eroded to leave a system of alternating finger-shaped
mesas and canyons. LANL's low-level waste disposal facility is located atop one such
mesa with the waste buried in disposal pits and shafts to a depth of approximately 20 m.
The surrounding canyons lie 30 m below the steep-sided mesa, and the water table is
located approximately 250 to 300 m below the disposal pits.

The upper six stratigraphic units make up the Bandelier Tuff. These units dip gently
and thin toward the eastern end of the site. The top tuff layer, Unit 2, and the upper few
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Fig. 3. Two-dimensional site stratigraphy (Krier et al.. 1997) with boundary conditions for the unsaturated-zone

simulations. The arrows show infiltration and evapotranspiration regions with their size reflecting relative
magnitude.
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. meters of the second layer, Unit lv-u, are extensively fractured and are separated by a
thin surge bed (Krier et al., 1997). The surge bed is made up of fine, sand-sized material
and is genetically related to the overlying deposits of poorly sorted, relatively massive
ashflow wff (Fisher, 1979). The deeper tuff units have few observed fractures in outcrop
(Krier et al., 1997).

The Cerros del Rio Basalts, which comprise over 50% of the unsaturated zone,
display wide variability (Turin, 1995). The basalts range from extremely dense with no
apparent porosity, to highly fractured, to so vesicular as to appear foamy. The Puye
Conglomerate lies at the base of the unsaturated zone and extends into the saturated
zone. The conglomerate consists of cobbles and boulders of volcanic debris in a matrix
of silts, clays, and sands (Purtymun, 1995). Clay, silt and pumice lenses, and interbed-
ded basalts are also common.

2.2. Contaminant source

The waste disposal facility occupies about 300,000 m? atop a finger-shaped mesa
with waste buried in pits and shafts to a depth of approximately 20 m. In the pits, the
waste is layered and compacted to improve stability, and void spaces are backfilled with
crushed tuff to minimize subsidence. A typical pit contains at least 60% consolidated
crushed tuff (Hollis et al., 1997). Between 1957 and 1995, solid radioactive waste was
buried in 34 disposal pits and in almost 200 shafts located in five shaft fields. The waste
form buried at the site contains over 60 radionuclides with the majority of the waste
being By, B8y, and ®2Th, Currently, only low-level radioactive waste is accepted, but
prior to 1971, transuranic and mixed waste were also accepted (Shuman, 1997a). An
expansion area with four large pits and another shaft field is planned for operation
through 2044 and is included in this study.

The oldest wastes are buried at the eastern-most portion of the site, and disposal
operations have proceeded toward the west (see Fig. 4). The waste is categorized in
terms of four disposal-unit classifications that are determined by the age of the wastes,
because different regulations govern wastes disposed of during different time periods
and because inventory records have improved with time. Whereas the performance
assessment (PA) evaluates the releases for the 1988—1995 and projected 1996-2044
wastes, the composite analysis (CA) evaluates releases from all wastes, past and future.
Detailed inventory information for the 19711988 waste and the 1988—1995 waste are
obtained from disposal records. However, detailed inventory data are not available prior
to 1971 and are uncertain for future activities. Therefore, the inventory in the 1957-1970
waste is extrapolated backwards based on disposal operations from 1971 to 1977, and
the inventory for the 1996-2044 waste is projected based on current operations and
expected future operations (Shuman, 1997a; Vold and Shuman, 1996).

2.3. Hydrologic data

The van Genuchten model (van Genuchten, 1980) is used to represent the moisture
retention characteristic curves for all units in the unsaturated-zone model. Table 1
summarizes the hydrologic parameters used for all of the units in the unsaturated-zone
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Table |
Hydrologic properties

Unit ' K, (em/s) Porosity van Genuchten 6, a (cm~'). 1
Pit (crushed Unit 2 wff)? 2.89x10°4 0.479 0.00767. 0.00663, 2.00389
Unit 2° 4.27x10™* 0.481 0.013, 0.0060, 1.890

Unit 1v-u® 1.48x 1074 0.517 0.002, 0.0030, 1.932

Unit 1v-c® 1.67x10™* 0.509 0.009 0.0044, 1.647

Unit 1g® . 1.88x 104 0.480 0.006, 0.0053, 1.745
Cerro Toledo® 8.65x 10~* 0.473 0.008, 0.0152, 1.506

Otowi Member® 249x 104 0.435 0.0188, 0.0059, 1.713
Guaje Pumice® 1.5x10-* 0.667 0.0. 0.00081. 4.0264

Puye Formation©-4 46x10-3 0.25 0.045, 1.45, 2.68

Cerros del Rio basalts
(equivalent continuum)

matrix properties® 9.7x10-% 1x10-4 6.6X10~%,0.0384, 1.474
fracture properties 9.7x 10?2 1x10-4 3.0x107% 00384, 1.474
Bishop (1991).

*Springer (personal communication).
Mean values from Krier et al, (1997).

€ Purtymun (1984),

“Carsel and Parrish (1988),

“Bishop (1991),

flow and transport model. Hysteresis is not included. The parameters for the van
Genuchten model (saturated permeability, porosity, inverse air entry pressure, etc.) are
fairly well characterized for the six Bandelier Tuff units and for the crushed-tuff backfill
but not for the deeper units. The properties for the tuff units (Krier et al., 1997), the
crushed tuff, and the Guaje Pumice were measured on core samples of matrix material,
Estimated values for the saturated conductivity and porosity of the Puye Conglomerate
(Purtymun, 1984) are used, and we assume that the van Genuchten fitting parameters are
similar to those of a coarse sand.

No hydrologic property data were available for the basalts at the time this study was
performed. The basalt js modeled as a composite-continuum medjum made up of both
fractures and matrix material (Peters and Klavetter, 1988). To insure conservatism, we

data in Fig. 5. Site data indicate that evaporation s an important process within the mesa
top. These data include low Mesa-top moisture contents (Krier et al., 1997) and high
matrix potential measured along the surge bed (Rogers et al., 1996). Also, chloride and
8%0 profile analyses indicate strong evaporative effects yielding low. net water flux
rates (Newman, 1996). For example, high porewater chloride concentrations observed jn
the mesa lead to flux estimates ranging from 0.03 to 1.5_mm/year while chioride

Previous numerical simulations indica;e that s:\{abératwé effects can reasonably account
for the low moisture contents observed in undisturbed regions of the mesa at the site and
can justify a low net percolation rate (Birdsel] et al., 1999).
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Fig. 5. Comparison of site data (gray boxes) to calculated steady-state saturation profiles for several infiltration
rates. Calculated profiles are located at the center of the two-dimensional cross section in Fig. 3.

2.4. Transport properties

Distribution coefficients ( K, values) for americium, neptunium, plutonium, tech-
netium and uranium were measured under saturated conditions with local rock samples
using synthetic solutions representing local porewaters from the unsaturated zone and
the aquifer (Longmire et al., 1996). However, K. a Values for the remaining nuclides are
based on experiments performed for the Yucca Mountain project (as summarized by
Krier et al., 1997) and are not differentiated by tuff integrity or location. The X 4 values
for all nuclides considered in this study are shown in Table 2. Solubility limits for
americium, plutonium and neptunium are based on experiments with Yucca Mountain
tuffs and synthetic water samples with chemistry similar to either natural groundwaters
at Yucca Mountain or at LANL (Longmire et al., 1996). Other solubility limits are
derived from the literature (Krier et al., 1997). Solute speciation simulations based on
porewater composition and pH and on tuff mineralogy were performed to ensure the
applicability of the distribution coefficients and solubility limits used in the study
(Longmire et al., 1996).

Site-specific measurements for diffusion coefficients and dispersivity are not avail-
able. We therefore estimate values of these parameters. Recent studies by Conca and
Wright (1992) show that the diffusion coefficient decreases as moisture content de-
creases. For the unsaturated zone, the diffusion coefficient is modeled in this fashion and
decreases parabolically from 10~9 m’/s at saturation to 10~'3 m?/s at a moisture
content of 0.001. For the saturated zone, the diffusion coefficient is assumed to be 10~?
m?/s, consistent with the unsaturated-zone model at full saturation.

In the unsaturated zone, the dispersivity used is 1 m in the vertical direction and 0.1
m in the horizontal plane. Larger dispersivity values of 20 m in the direction of flow and
2 m transverse to the flow are used for the saturated zone because field studies have
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Table 2
Median distribution coefficients (K; (ml] /8) for nuclides on intact and crushed tuff samples and on aquifer

samples
' : Intact wff Crushed tuff Aquifer
Nonsorbing nuclides
c 2

T, 0 0 0
MC, 129lb 0 0 0
Weakly sorbing nuclides

BINps ‘ 2.25 75 0.151
231 U, 234 U. 235U, 236 U, ZJBU. 243 26] 485
"Mo® 4 4 4
Bipy, 2opy, M0pu, #ipy 22p 4 4.13 711 1395
Strongly sorbing nuclides

“gb 15 15 15
20ppb 25 25 25
Zgib 35 35 3s
2“le ISZEu' '“Eu. 148Gd' ZJ'Pa, I"Sm, ISIsmb 50 50 50
!3m cgb 80 80 80
108mp gt 90 90 %0
FI™Nb, % Nbb 100 100 100
Wgeb 116 116 116
2ac, Weg, 2520pb 130 130 130
2R, 28pab 200 200 200
137¢gh 428 428 428
182]_"-' ZZPTh' IJOTh' ZJZTh' “Tib 500 500 500
13pgb 946 946 946
*lam, M4 2359 2050 141

'Site-specific values (Longmire et al., 199¢),
From Yucca Mountain experiments (Krier et al,, 1997).

shown that dispersivity in the saturated zone increases with scale (Neuman, 1990;
Gelhar et al,, 1992). These are estimated using ap empirical fit to field data developed
by Neuman ( 1990) based on 5 length scale of approximaiely 100 m, the distance from
the site boundary to the compliance point,

3. Conceptual model

The site conceptual model includes spatially variable infiltration, mobilization and
release of radionuclides from the pits and shafts, migration of radionuclides through the
unsaturated, fractured tuff, and finally transport in the Saturated zone.

3.1. Infiltration and unsaturated-zone Sflow

The average precipitation rate for the area s  35.6 cmy year (Bowen, 1990). Most of
this precipitation js lost to runoff angd €Vvapotranspiration, resulting in a heterogeneous
infiltration pattern that is contro]led by the mesa /canyon setting of the site, Infiltration
is thought to be seasonal with most occurring during sﬁﬁrﬁiiﬁﬁowﬁiéli”’e}nd, to a lesser
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extent, during the summer thunderstorm season (Rogers et al., 1997). Fig. 3 shows the
different regions in which infiltration occurs. Based on measured rock saturations and
chloride data, a very low net percolation rate (1 to_10 mm/ year) is thought to exist
within the mesa. Pajarito Canyon is wetter with an estimated percolation rate of 10 to
100 mm/year, while Cafiada del Buey is dry with a percolation rate similar to the mesa
top. The steep mesa sides represent an evaporative region (water sink) rather than a
source region. The coupling of the fractured units separated by the high-permeability
surge bed with the mesa’s topographic relief is thought to enhance air circulation and
consequently evaporative “drying within “the mesa initétior. "‘However, pit excavation
through the upper two units destroys both the fracture network and the continuity of the
surge bed, which likely disrupts the mesa’s natural capacity for subsurface evaporation.

Matrix flow is expected to dominate in the unsaturated tuff units at the site. The pits
are excavated completely through Unit 2, the most highly fractured tuff unit, thus
destroying the fracture system and the likelihood of fracture ﬂg_ww;p;ouglgv‘t}‘lims“ﬁﬁfmﬁo,
to our knowledge, the vtily Gbservations of fracture transport at LANL occurred beneath
a liquid radioactive-waste disposal trench site that was heavily used between 1945 and
1952 (Rogers, 1977). The tuff beneath the site was nearly fully saturated by disposal
operations. Although radioactivity has been measured in fractures beneath this former
liquid waste site, it appears that transport in the fractures stopped soon after waste
disposal ceased, based on observations made in the 1960s and 1970s (Nyhan et al.,
1984). Also, numerical studies of fracture flow for the site indicate that flow through
fractured tuffs is difficult to maintain in low-saturation, high-capillarity systems (Soll
and Birdsell, 1998). Because the site in this study is a solid waste site, significant
fracture ﬂg&@ppgh_@j@ﬁurated tuff units is unlikely.

"Since we cannot predict whether flow occirs in the matrix or the fractures in the
basalt, we conservatively treat the basalts as a system dominated by vertical fracture
flow. The basalt is modeled as an equivalent continuum medium made up of both
fractures and matrix material (Peters and Klavetter, 1988) (see Table 1). Matrix
properties are derived from analogue basalts in Idaho (Bishop, 1991). Fracture properties
are chosen, through numerical sensitivity studies, so that no lateral diversion occurs at
the top of the basalts in the simulations, even when the flow rate exceeds the matrix
saturated hydraulic conductivity. Then, the continuum porosity is set equal to the
fracture volume fraction, 1074, to ensure rapid transport of 1 to 5 years through this
unit, hence, forgoing any retardation due to matrix flow or sorption. This treatment of
transport through the basalt yields a conservative PA result (e.g., faster groundwater
travel times and higher peak doses than actually expected).

In designing the boundary conditions for the predictive models, preliminary simula-
tions investigate how well modeled and observed saturations correspond for various
infiltration rates, how appropriate a steady-state infiltration rate is, and the representation
of fracture matrix interactions. These are described in the Numerical modeling section of
this paper.

3.2. Release of radionuclides

The release of radionuclides from the disposal units is represented by one of two
release mechanisms: rapid release or solubility-limited release (Veld and Shuman,
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1996). The maximum porewater concentration of each nuclide is calculated based on its
mventory, its waste volume and the moisture content jn the pits. This concentration is
then compared to the nuclide’s solubility limit 1o determine which Source-release mode]
is appropriate for each nuclide in each disposal unit. That is, if the maximum porewater
concentration exceeds the nuclide’s solubility limit, the release concentration is held at
the solubility limit yntj] that nuclide’s inventory has been exhausted. The contaminant
flux (D) for a solubility-limited element takes the form
P=qC,/h 2 Ei(f;‘jvij)y

where V, ; is the total injtia] Waste volume of nuclide ; in waste form J in the disposal

used. Nuclides with very large solubility limits, such as "I and
Tc, are controlled by this mechanism throughout the site. The contaminant flux for the
rapid-release mode] takes the form

Te content of the disposal unit, taken
servations (Vold and Shuman, 1996). The rapid-release
nt on the Darcy flux through the waste package (¢), which
ndence is demonstrated in Fig. 6,

Tl mm/yr
=5 mm/yr
= = =10 mm/yr

300 400 500

Source-term model {year~'] on the infiltration rate,
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which shows the time-dependent behavior of the rapid-release model (A2re=*") for
different percolation rates. For example, with a percolation rate of 10 mm/year, the
rapid-release model predicts that the waste is completely released within the first 80
years, while at a percolation rate of 1 mm/year, complete release from the waste
package requires more than 500 years.

3.3. Unsaturated-zone transport processes

The fundamental processes affecting migration rates of solutes in this unsaturated
environment are advection, adsorption, diffusion, dispersion, and radioactive decay. A
linear-adsorption isotherm (K, model) is expected to adequately describe adsorption in
the unsaturated zone because of the slow percolation rates and the indication that
transport in the units above the basalt occurs predominantly in the matrix. Once released
from the disposal unit, the nuclide’s mobility through the unsaturated zone is controlled
by the mesa-top infiltration rate and by the nuclide’s K, and half-life. Thus, the nuclides
can be classified by their half-lives and adsor?tion characteristics. Short-lived nuclides
with half-lives less than 20 years, such as "H and %Co, are expected to decay to
insignificant levels before reaching the aquifer, so they are not considered in the
analysis. Nuclides can be grouped as nonsorbing, weakly sorbing, and strongly sorbing,
as shown in Table 2. The nonsorbing nuclides “C, 1 and ®Tc are expected to travel
most rapidly, while the strongly sorbing nuclides are expected to have very long travel
times. The basalts are assumed to be nonsorbing, consistent with the assumption of rapid
transport through this unit.

3.4. Saturated-zone flow and transport processes

Groundwater that percolates from the site through the unsaturated zone is assumed to
flow predominantly downward to the main aquifer. Any radionuclides exiting the base
of the unsaturated zone enter the saturated zone through the upper boundary. Although
an understanding of the geology and groundwater system under LANL is still being
developed, Purtymun (1995) suggests that the groundwater in the main aquifer flows in
a southeasterly direction to the Rio Grande. Our saturated-zone model is based on this
hypothesis. Advection, linear adsorption, diffusion, dispersion, and radioactive decay
again control saturated-zone migration of solutes.

4. Numerical model
4.1. Overview

The unsaturated-zone flow and transport model is a three-dimensional representation
of the complex mesa/canyon hydrogeologic system. Infiltration is assumed to be steady
in time but variable in space over the mesa top and two bordering canyons. The model
incorporates the position and inventories of 34 disposal pits and five shaft fields already
located at the site along with those of the four proposed expansion pits and shafts. Two
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pathways are considered: downward migration through the unsaturated zone to the
aquifer, and latera] migration to the mesa sides followed by deposition into the nearby
canyons, and subsequent migration through the unsaturated Zone to the aquifer. Time-
and spatially variable nuclide flux from the unsaturated Zone enters the single material,
three-dimensional, saturated-zone model, thus maintaining the spatial distribution of
nuclide flux exiting the unsaturated zone. The simulations are run for 10,000 years in
order to cover the regulatory-driven 1000-year compliance period (Hollis et al., 1997)
with a 10,000-year uncertainty analysis,

The simulations aré run with FEHM, a two- or three-dimensional finite-

the air and water phases in the unsaturated zone and for the water phase in the saturated
zone. The convection-—dispersion equation governs solute transport (Jury et al., 1991;
Zyvoloski et al., 1997) in these analyses.

4.2. Computational grid

The stratigraphic configuration used for the unsaturated-zone model is derived from
various sources including the LANL site-wide geologic model (Vaniman et al., 1996),
well-log picks, and surface observations. The data set is interpolated with the Strata-
graphic Geocellular Modeling (SGM) Software (Stratamodel) to generate the three-dj-
mensional geologic framework model shown in Fig. 7, which includes the thinning of ,
the Bandelier tuff units at the eastern end of the site.

Bandelier Tuff
Units

Guaje Pumice

Fig. 7. Three-dimensionat, stratigraphic framework mode| of the site.
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The three-dimensional unsaturated-zone grid is generated with the Geomesh /X3D
software (Gable et al., 1995) from the geologic framework model. An initial grid is
constructed with the 45.7-m spacing of the geologic framework model and then resolved
to include the 38 waste disposal pits (Fig. 4) and to better delineate the mesa sides. The
final grid contains 41,542 nodes and 254,614 tetrahedral elements. Pit regions are
defined by a set of nodes that outline several adjacent pits with internal nodes down the
pit centerlines. The volumes associated with these internal nodes approximate true pit
volumes. The internal pit nodes are assigned hydrologic properties for crushed tuff (the
pit backfill material) and act as the source region for radioactive waste during the
transport calculations. Fig. 4 shows the outline of the waste disposal pits, the internal pit
nodes, and the outline of the mesa edge. \

The saturated-zone model extends from just west of the site to the Rio Grande. The
grid is rectangular and oriented perpendicular to groundwater equipotentials. It is 9773
m long, 1280 m wide, and 100 m deep with 19,580 nodes and 102,960 tetrahedral
elements. To better model the vertical dispersion of the contaminant plumes entering the
aquifer from the unsaturated zone, the vertical element height is refined near the water
table. The grid is also refined horizontally beneath the site to approximately 500 m
downstream to accurately capture the spatial distribution of the radionuclides as they
move toward the downstream compliance regions.

4.3. Boundary conditions

4.3.1. Preliminary calculations

As described in the conceptual model, a series of preliminary calculations was
performed to evaluate infiltration rates and modeling assumptions, such as the use of
steady flow rates and the dominance of matrix flow through the tuff units.

To determine appropriate infiltration rates for the site, simulated saturation profiles
for a number of different steady, mesa-top infiltration rates are compared to site field
data. Infiltration rates of 10 mm/year, 1 mm/year, 0.1 mm /year, 0.01 mm/year and
0.0 mm/year were run using the two-dimensional cross section shown in Fig. 3" Fig 5
shows the calculated steady-state saturation profiles at the center of the mesa for the five
infiltration rates along with the ranges of in situ saturation data measured in the six
Bandelier Tuff units. The shape of the calculated saturation profiles shows the same
trend as the data (e.g. saturations decrease from Unit 2 to Unit 1v-u and then increase
again in Unit 1v-c, etc.), but no single infiltration rate yields predicted saturation values
that fit the entire data set. Results for the lowest infiltration rates (0.01 and 0.0
mm/year) most closely match the site saturation data in Units 2 and lv-u, the two
mesa-top units. Higher infiltration rates (0.1 and 1 mm/year) are needed to match the
saturation data from Units 1v-c and 1g, and an even higher rate (10 mm/year) is needed
to match the data in the Cerro Toledo and the Otowi Member. Newman (1996) also
found that no single percolation rate fits in situ chloride data from the site. For example,
he estimates flux rates within the mesa ranging from 0.03 to 1.5 mm /year and flux rates
below the mesa near 5 mm/year based on chloride mass-balance based flux estimates.
Based on these two studies, the PA calculations use a range of mesa-top infiltration rates
from 1 to 10 mm/year.
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cumulative contaminant flux at the base of the Bandeljer Tuff is similar under transient
and steady flow fields, By using a steady infiltration rate at the high end of the expected
range, and forcing short travel times through the basalt, the subsequent transport
calculations are expected to yield conservative results, assuming that fracture flow has

4.3.2. Performance calculations

The mesa/canyon setting leads to a set of spatially dependent, surface boundary
conditions categorized by position depending on whether infiltration is applied to the
mesa top, to the relatively wet Pajarito Canyon, or to the dry Cafiada del Buey, as shown
in Fig. 3. Evaporative nodes along the mesa sides are held at a fixed saturation of 0.03,
which is equivalent to an ambient relative humidity near 50%.

saturation profiles shown in Fig. 5, which show that the range 1 to 10 mm/year fits the
higher range of site moisture data, No-flow boundary conditions are applied to the sides
of the unsaturated-zone grid. The bottom boundary represents the water table, where
both water and radionuclides can exit.

Table 3
Infiltration rates (mm /year) used as upper boundary conditions
Mesa Top Cafiada del Buey Pajarito Canyon

1_1_20 (lowest flow case) I 1 20

5.1.20 5 1 20

5..1_50 (base case) 5 1 50

10_1_20 10 1 20

5

10_5_100 (highest flow case) 10 100
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A steady flow field is calculated for the saturated-zone model by applying a pressure
head difference of 101 m (Purtymun, 1995) across the east and west sides of the model,
No-flow boundaries are used for the top, bottom, north and south sides. Recharge is
believed to occur mainly to the west of the site, at higher elevations in the Jemez
Mountains. A water-balance estimate shows that the volume of water entering the
aquifer from the unsaturated zone at the site is negligible compared to the aquifer
volume (Birdsell et al., 1999). Thus, water flowing from the unsaturated zone to the
aquifer is not included.

Simulated time-dependent radionuclide flux exiting the base of the unsaturated zone
is recorded at each time step and used as the radionuclide source term for the saturated
zone. To supply an adequate spatial distribution, the bottom boundary of the unsatu-
rated-zone grid is divided into 28 regions for which nuclide flux is reported. Then, nodes
corresponding to these 28 regions are defined as source regions for the saturated-zone
model to retain the spatial distribution of plumes that have migrated through the
unsaturated zone from the original disposal units.

4.4. Source term

The source-release models used to calculate the time-dependent nuclide release rate
from each disposal unit (Vold and Shuman, 1996) are incorporated directly into FEHM
(Zyvoloski et al., 1997) and include both rapid release and solubility-limited release.
Because wastes from the four disposal-unit classes are governed by different regulations
(Hollis et al., 1997), the transport of each waste class is simulated separately. These
simulations can determine the impact of an individual waste class or can be combined
by superposition to determine the impact of the total inventory. Also, by differentiating
the impact of the individual waste classes, the calculations can help define waste
acceptance criteria for future wastes or a part of the analysis can be updated if inventory
corrections are required.

The extrapolated total inventories for the 19571970 and 1996—2044 wastes (Shu-
man, 1997a) represent the estimated and projected values, respectively. Because the
distribution of waste among the individual disposal units within these two waste classes
is not characterized, their inventories are uniformly distributed between all of the pit or
shaft nodes for the particular waste class. However, inventory and waste volume are
known in greater detail for the 1971-1988 and for the 1988—1995 wastes. For each
nuclide in these two waste classes, the total inventory and waste volume are available
for each pit and shaft field and are therefore distributed appropriately between the
finite-element model nodes at the source locations.

4.5. Dose

The saturated-zone radionuclide concentrations are converted to two types of doses to
humans: the groundwater dose which results from the direct ingestion of groundwater
extracted from the regional aquifer, and the groundwater component of the all-pathways
dose which results from ingestion of groundwater and of foodstuffs raised with
contaminated water. The dose conversion factors shown in Table 4 are used to convert
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Table 4

Factors for converting aquifer concentration to dose

Nuclide Conversion from Conversion from Conversion from

mol/1 to Ci/m? Ci/m’ to mrem /year Ci/m* to mrem /year

for the drinking water for the all pathways
pathway dose dose

“c 6.24x 10 1.53% 108 4.11x% 108

*Te 1.686 % 103 9.49 % 10° 3.04 X 106

19 21.03 2,04 x 10 2.70x 10

boundary 100-m downgradient from the site fence line (Fig. 4) as required by DOE
regulations (Hollis et al., 1998) and also for an individual living in Pajarito Canyon. The
dose at the downgradient compliance point results from waste that migrates downward
from the disposal units through the unsaturated zone to the aquifer. The dose in Pajarito
Canyon results from waste that migrates laterally to the mesa sides, is deposited into the

term discussion.

5. Results
3.1. Unsaturated-zone transport

.11, Screening

Unsaturated-zone transport calculations were run for l‘C, l291, 237Np, 9“’Tc,and 238U
using the base-case, steady flow field, 5_1_50 (Table 3). These nuclides were chosen
because of their low distribution coefficients, ranging from 0 to 2.43 for most of the
unsaturated-zone units, Only "¢, '] and 99Tc, the nonsorbing nuclides, show any
breakthrough to either the Wwater table or the mesa side over the 10,000-year time frame.
Thus, we are able to eliminate the remaining nuclides from consideration in the dose
%sssessment because their distribution coefficients are larger than those of 237Np and
“U, which did not break through. This screening includes the consideration of all
daughter products in the radionuclide decay chains, all of which have K a Vvalues larger
than those of 237Np and 28y, Calculations of 237Np and P%y transport using the highest
flow rates, 10_5_100, also indicate no breakthrough, thus showing that this screening
technique applies for all flow fields considered in this study.

This screening technique does not consider colloid-facilitated radionuclide transport.
Although colloid-facilitated transport has recently been implicated with trace amounts of
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plutonium in the saturated zone at the Underground Test Area of the Nevada Test Site
(NTS) (Kersting et al., 1999); there are several key differences between the NTS and

saturated-zone flow path, the source at LANL is in the unsaturated zone where fracture
flow in most units is expected to be negligible. Whereas mobile colloids are abundant in
saturated systems (DeGueldre et al, 1997), colioids are less likely to be mobile in
matrix-flow dominated unsaturated systems (Wan and Wilson, 1994). Low mobile
colloid concentration, filtration due to size exclusion in pores, and retardation at
air-water interfaces reduce the likelihood of colloids playing a significant role in
enhancing migration of otherwise immobile radionuclides in the LANL system.

The screening technique used above is dependent on the 10,000-year uncertainty
period. We have also developed another more general screening technique that is
independent of the compliance period (Birdsell et al., 1995). The technique compares the
nuclide’s half-life to its unsaturated-zone travel time. Generic breakthrough curves are

a waste decays to 1079 times its original inventory. Thus, if a nuclide’s unsaturated-zone
travel time is greater than 20 times its half-life, there is essentially no release to the
aquifer, and the nuclide requires no further consideration unless it has long-lived
daughters. This comparison provides a generic method to eliminate transport calcula-
tions for programs having no regulatory compliance period, such as the Swedish, Swiss
and UK. high-level waste programs (Thompson, 1999). In a previous study of the

. LANL site that considered peak doses over hundreds of thousands of years, over half the

nuclides were eliminated from further consideration with this method (Birdsell et al.,
1995). This screening technique can also be extended to any waste that exponentially
degrades, including biodegradable wastes. Note that for extremely large inventories; a
reduction of 10~° times the initial inventory may still produce an unacceptable dose. In
such a case, the analyst should compare the travel time to the appropriate larger number
of half-lives to achieve an acceptable reduction factor,

5.1.2. Transport calculations

5.1.2.1. Base-case flow field. Fig. 8a-d shows the simulated '*°] plumes in the
unsaturated zone for the four age-dependent waste classes (Fig. 4) after 1000 years using
the base-case flow field. Although the infiltration rate at each source region is the same

unsaturated zone. For example, the 1971-1988 (Fig. 8b) inventory dominates the total
site release of '°] to the aquifer at 1000 years. Also, the 1988—1995 shafts located near
the southern edge of the mesa (left side of Fig. 8c) concentrate nearly 80% of the
1988-1995 '2°% inventory into a small area. This localized inventory produces a
predominant plume at the southe
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(a) 1957-1970 . (b) 1971-1988

Example of
lateral transport
to mesa edge

(c) 1988-1995 (d) 1996-2044

Fig. 8. '] plumes (log concentration, mol/1) in the unsaturated zone at 1000 years for the four different
source regions, base-case flow field.

visible in these figures. We see that once the solutes reach the basalt, they migrate
quickly through the unit. In the 1996-2044 waste scenario (Fig. 8d), only the plume’s
leading edge reaches the basalt after 1000 years because the Bandelier Tuff units are
much thicker beneath this proposed expansion area.

Fig. 9 shows the total time-dependent flux of '*°I from the unsaturated zone to the
saturated zone for the four waste classes (Fig. 4) using the base-case, steady flow field.
This figure also demonstrates the dominance of the larger 1971-1988 inventory on '*°1
releases from the site. The release of this nuclide is controlled by the exponential,
rapid-release model, which produces flux-vs.-time curves that peak in less than 10,000
years.
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Fig. 9. Total flux of '*°I from the unsaturated zone to the saturated zone from the four source regions,
base-case flow field (5_1_50).

For each of the nuclides and the four waste classes, the solute flux is increasing at
1000 years causing the compliance-period peak dose to occur at 1000 years. Fig. 9
shows that during the 1000-year to 10,000-year uncertainty period, the four 1291 curves
peak at different times. The other two nuclides also show a distribution for the
occurrence of the peak solute flux. Because of these distributions in time, a formal dose
calculation is required to predict when the peak dose for the uncertainty periad occurs.

5.1.2.2. Other flow fields. To assess the effect of uncertainty in flow rate on transport
results, we examine the transport of the 1988-1995 '°1 inventory using different flow
fields and compare the nuclide fluxes through the unsaturated zone. Fig. 10 shows the
total flux of 2’1 for the five flow fields described in Table 3. By comparing the 1_1_20
case, the 5_1_20 case, and the 10_1_20 case, we see that increased mesa percolation
leads to faster breakthrough and increased solute flux through the unsaturated zone. This
flow-rate dependency is compounded by the velocity-dependent rapid-release source
term (Fig. 6). The solute flux at 1000 years for the lowest flow case, 1_1_20, is five to
seven orders of magnitude less than the other cases considered. This case is used to
predict the lower-bound dose in the uncertainty analysis. By comparing the 5_1_20 case
to the 5_1_50 case, we see that additional flow through Pajarito Canyon results in faster
breakthrough and increased solute flux to the saturated zone. The 10_5_100 case
represents the wettest case and yields the fastest breakthrough and highest flux to the
saturated zone and, consequently, the highest dose over the first 1000 years. This case is
used to estimate an upper-bound dose for the uncertainty analysis.

The first arrival (0.1% of peak) of '*°I at the water table varies significantly for the
different flow scenarios, as shown in Fig. 10. For the base-case calculations, the time of
first arrival is about 600 years. Whereas the first arrival for the highest flow case is half
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Fig. 10. Total flux of the 1988-1995 '**1 inventory from the unsaturated zone 1o the saturated zone for various
flow cases.

the 600 years of the base case, the lowest flow case’s first arrival is at 2000 years, well
beyond the 1000-year compliance period.

5.1.2.3. Transport toward the mesa sides. Flux of nuclides toward the mesa sides is
observed in the simulations (Fig. 8), so the impact of this pathway on the dose is
assessed. As in the case of downward transport, only the three nonsorbing nuclides “C,
"1 and 2T are of concern over 10,000 years. To summarize, our analysis of this
pathway takes several steps. First, the transport of nuclides through the unsaturated zone
is simulated, yielding the nuclide flux to the two mesa sides. Next, we conservatively
assume that the radionuclide flux through the mesa sides is immediately available for
transport from either Pajarito Canyon or Cafiada del Buey, where their continued
migration to the aquifer is simulated. Those contaminants reaching Pajarito Canyon lead
to the highest aquifer-related doses because of the higher percolation rate in Pajarito
Canyon. Therefore, we simulate transport from the floor of the Pajarito Canyon through
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occurs throughout the mesa top, in fractures and along surge beds rather than only at the
mesa exterior, the resulting pressure gradient would decrease. This decreased driving
force would lead to localized contaminant movement (on the order of the fracture
spacing) toward the mesa sides and toward fractures, which would significantly lower
doses from this pathway.

Second, the flux is calculated as though the nuclides are immediately available for
subsurface transport through the canyon bottoms once they reach the mesa edge, perhaps
via surface runoff. However, because nuclides are heavy and nonvolatile, they actually
accumulate along the evaporation sites rather than exiting the tuff matrix. Longmire et
al. (1996) have observed elevated chloride, sulfate, and sodium concentrations in
porewaters extracted from unsaturated-zone Bandelier tuff samples, which suggest that
evaporation leads to the concentration of dissolved species. Newman’s (1996) data
showing elevated chloride and stable isotope concentrations also support this interpreta-
tion.

5.2. Saturated-zone transport

With the transient unsaturated-zone nuclide flux as the saturated-zone source term,
advective-dispersive—reactive transport is simulated to locations downstream of the site
boundary for the direct, downward pathway. Fig. 11 shows the concentration profiles at
two locations in the saturated zone for the 1988-1995 '%°1 inventory. The locations
represent the point of maximum dose for the 1988-1995 waste and the compliance
point, which is 100 m downstream from the site fence line, but approximately 800 m
from the 1988-1995 pits (Fig. 4). Such concentration information, along with analogous
information for the other waste classes and the other two nuclides, is used in the formal
dose assessment (Shuman, 1997b). The two curves have the same shape with dilution
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Fig. 11. Concentrations in the saturated zone for the 1988-1995 '2°1 inventory at the point of maximum
concentration and at the 100-m compliance point with the base-case, unsaturated-zone flow field.
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and mixing decreasing concentration by a factor of about three at the 100-m distance.
Dilution at the 100-m compliance point increases with distance from the original waste
site (i.e. aquifer dilution for the 19962044 waste is greater at the 100-m compliance
point than for the 1957-1970 waste). The concentration profiles also mimic the
unsaturated-zone contaminant flux curve shown in Fig. 9. Using the current estimated
dispersion coefficients, aquifer dilution of unsaturated-zone concentrations is approxi-
mately a factor of 500 between the maximum concentration exiting the unsaturated zone
and the aquifer concentration at the 100-m compliance point. The simulated plumes
disperse throughout the 100-m depth of the model soon after entering the aquifer based
on the chosen transport parameters. Therefore, concentration profiles at the 100-m
compliance point are nearly uniform with depth with the highest concentration at the top
of the water table. This high dilution factor is evaluated later in the uncertainty analysis.

5.2.1. Dose assessment

The dose conversion factors shown in Table 4 are applied to the three-dimensional
"C, "1, and ®Tc saturated-zone concentration fields to obtain dose fields, These dose
fields are then summed to obtain the total groundwater dose and the groundwater
component of the all-pathways dose for the entire PA inventory (1988-1995 plus
1996-2044 waste) and the Composite Analysis inventory (all wastes). The 100-m
compliance points are then identified as the locations of maximum dose at distances 100
m from the site fenceline for the PA and CA wastes.

The DOE performance objectives are compared to the calculated maximum dose
values in Table 5 for nuclides that have traveled continuously downward through the
unsaturated zone. The comparison is shown for the base-case flow field, the highest-flow
field, and the lowest-flow field at 1000 years. Also compared are the peak doses during
the 10,000-year uncertainty period for the base case. All doses calculated for this
pathway are six or more orders of magnitude lower than the performance objectives. For
the lowest-flow case, doses are negligible because over 99% of the inventory for the
nonsorbing radionuclides remains in the unsaturated zone.

The dose assessment for the total system, including other pathways, is presented by
Shuman (1997b). Shuman calculated a higher dose during the first 1000 years for waste
transported laterally to the mesa side than for waste that follows the continuous
downward path to the water table, The receptors are different for these two cases: for

Table 5
Maximum groundwater and all-pathways doses for the PA and CA wastes (millirem /year)

PA — ground water PA — all pathways CA — all pathways

Performance objective 4 25 100
1000 years (base case) 24%1077 6.5x10"7 37x10°°
Peak dose (base case) T 3x107? ) 1x10"4 2x 1073
@ ~ 4500 years @ ~ 4500 years @ ~ 3000 years
1000 years (highest flow) 8.0x10°° 22x10°°¢ 14x107?

- 1000 years (lowest flow) 9x 1012 2x10° 1 Ixi0-'0
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waste that is transported laterally, the receptor lives in Pajarito Canyon, while for the
downward pathway, the receptor lives at the 100-m compliance point. The earlier arrival
time and higher aquifer concentrations for the lateral pathway are caused by the
assumption of immediate release into Pajarito Canyon and the fast canyon recharge rate.
For example, the peak aquifer dose for the base-case, unsaturated-zone flow field caused
by migration toward the mesa side and subsequent deposition into Pajarito Canyon
occurs after 800 years. The PA groundwater dose is 4.5 X 10~5 and the PA all-pathways
dose is 1.3 X 10™%. These doses are higher than those reported in Table 5, but still five
to six orders of magnitude lower than the performance objectives.

We expect that the simulated lateral pathway is overestimated, for reasons discussed
previously. To assess the impact of overestimating this pathway, a few simulations were
rerun with the evaporative boundary condition along the mesa sides replaced by a
no-flow boundary condition. The simulations show that the boundary condition imposed
on the mesa side has a strong effect on the simulated migration path. With an
evaporative driving force, much of the waste is pulled laterally toward the mesa sides
before diverting downward. This increases the distance that the waste travels through the
unsaturated-zone and delays breakthrough to the aquifer. With the no-flow boundary
condition, the dose resulting from continuous downward migration through the unsatu-
rated zone increases while the dose due to the lateral pathway disappears. For example,
the 1000-year doses for the downward pathway increase by roughly a factor of 100 to
1000 because the breakthrough curves advance in time. However, the peak dose
increases by only a factor of about 50. These values are still much lower than the
performance objectives (Table 5),

6. Uncertainty

As in any predictions of the long-term migration of solutes through the subsurface,
the results of these transport simulations contain intrinsic uncertainty. Here we summa-
rize what we believe are the more important uncertainties and discuss their impact. The
greatest uncertainties associated with predicting aquifer-related doses from the site are
related to our understanding of the mechanisms that control flow and transport within
the unsaturated zone and our ability to model these mechanisms. At this point, we feel
that uncertainty related to the hydrologic processes themselves (conceptual model
uncertainty) dominates our ability to make accurate predictions of transport at the site
more so than uncertainty related to the hydrologic and geochemical properties {data
uncertainty). However, predicted doses using parameters from the most conservative
ends of the uncertain ranges are still well below those that would cause concern.

6.1. Unsaturated-zone flow

In situ saturation data are difficult to match with any single infiltration rate using our
Current unsaturated-zone model. It is possible that the mesa and the submesa units are
not strongly connected hydrologic systems. Higher saturations beneath the mesa may
result from a recharge source other than percolation through the mesa or could represent
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moisture from a past, wetter climate. Evaporation is clearly an important mechanism

ontrolling flux rates within the mesa, yet it is only indirectly incorporated into the flow
modeling through the application of low infiltration rates of 1 to 10 mm /year and the
evaporative boundary conditions along the mesa sides, By directly simulating evapora-
tion in fractures and surge beds within the mesa interior, calculated solute migration
through the mesa may behave similarly to that seen with environmental tracers such as
chloride. These tracers accumulate within the mesa and have estimated travel times on
the order of 1000 to 17,000 years through the Bandelier Tuff (Newman, 1996).
Accumulation of nuclides within the mesa top would lead to a reduction in predicted
aquifer-related doses.

The mesa-top infiltration rate has the greatest impact on the simulated migration of
waste through the unsaturated zone. It controls both the source release rate and
subsequent downward solute migration. We bounded this uncertainty by considering a
base-case flow field and high- and low-flow cases. As shown in Table 5, a variation in
mesa-top infiltration rate from 1 to 10 mm/year results in a range of six orders of
magnitude in the 1000-year groundwater-related doses. Clearly, a good understanding of
this key parameter is important to the dose assessment. However, because doses are SO
much less than the performance objectives, conservative yet realistic infiltration rates
seem adequate for this site,

Other uncertainties are related to flow within the deeper unsaturated-zone units for
which few hydrologic data are available. The simulations take virtually no credit for

The transport results are based on the steady-flow assumption and on the use of
matrix, hydrologic properties for all tuff units at the site. Our understanding of the

calculations (Birdsel] et al., 1999) indicate that the steady-flow assumption is adequate
because fluctuations in both saturation and contaminant flux rates dampen with depth

by verifying the absence of young environmental isotopes such as bomb-pulse *CI at
depth.

Although there is variability in hydrologic properties at the site, mean values were
chosen for the properties used in the modeling. A sensitivity analysis using the minimum
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and maximum reported saturated hydraulic conductivity values for the tuff units
(Birdsell et al., 1999) showed variations in unsaturated-zone travel times of approxi-
mately +25% from the mean. With higher conductivity values, the flux-vs.-time curves
shown in Fig. 9 move to the left, and predicted doses increase. This shift could
potentially elevate doses by about two orders of magnitude, still well below the
performance objectives. Heterogeneity in hydrologic properties could lead to preferential
flow paths through the unsaturated zone that could produce shorter travel times and
regions of higher flux. The effects of heterogeneity are discussed later.

6.2. Saturated-zone flow

While it is probably heterogeneous in nature, the saturated zone is modeled as a
single, homogeneous, isotropic medium. Heterogeneity can lead to preferential flow
paths that may yield higher aquifer concentrations. Aquifer concentrations are, however,
limited by the flux of nuclides through the unsaturated zone and even the maximum

calculated aquifer doses, before any migration occurs in the aquifer, are six orders of
magnitude less than acceptable limits.

6.3. Transport properties

The transport simulations are highly sensitive to the value of the distribution
coefficient, K,, in the unsaturated zone. Uncertainty in this parameter for weakly

simulations, a nuclide with a K, greater than 2.5 will not reach the saturated zone
within 10,000 years. Previous simulations (Birdsell et al.,, 1995) indicate that 2 K 4 as
low at 0.3 will retard nuclides sufficiently to prevent breakthrough to the aquifer within
1000 years. Site-specific Ky values for several nuclides with large inventories and
expected low distribution coefficients were measured to decrease the uncertainty in the
model predictions that results from data uncertainty related to retardation (Longmire et
al., 1996). The combination of a low-K,; nuclide traveling along a fast flow path could
lead to breakthrough of nuclides other than the three nonsorbing species found to be of
concern. However, for this mechanism to be significant to the dose assessment, fast flow
paths would need to contact a significant portion of the inventory. The effect of
inventory uncertainty can be estimated by linearty scaling the simulation results.

In the saturated-zone model, longitudinal and transverse dispersivity values of 20 and
2 m, respectively, are used. Larger dispersivity values are justifiable based on the
distance of the pits to the 100-m compliance point. For example, the 1996-2044 pits are
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on the order of 1300 m from the compliance point, which leads to longitudinal and
transverse dispersivity values of 130 and 13 m, respectively, based on Neuman's (1990)
empirical fit to field data. Longitudinal and transverse dispersivity values of 1 and 0.1 m
are used for the unsaturated-zone modeling, and again, higher values may be warranted.
The effect of increasing the dispersivity in either case is that an increased longitudinal
dispersivity results in a faster arrival time for the plume’s leading edge. An increase in
the transverse dispersivity leads to a lower peak concentration.

Sensitivity studies using both higher and lower dispersivity values show that calcu-
lated doses do not increase above the maximum doses during the uncertainty period
(Table 5).

7. Discussion and conclusions

Numerical simulations are used to predict the long-term migration of radionuclides
for the performance assessment of a low-level radioactive waste disposal facility. This
case study describes the use of detailed, deterministic process-based models rather than
higher-level PA models to perform the ground-water transport calculations required to
predict aquifer-related doses. The study first requires knowledge of the site geology,
hydrology, and geochemistry, which is used to define the conceptual model of the flow
and transport processes that occur at the site. The conceptual model is then described
using processed-based numerical models that simulate groundwater flow, radionuclide
transport, and dose. The predictions simulate source releases followed by subsequent
transport through the unsaturated and saturated zones. The domains are simulated
separately but linked through the application of the unsaturated-zone contaminant flux as
a boundary condition to the saturated-zone model. A range of unsaturated-zone flow
rates is simulated in order to address the effect of uncertainty in infiltration rate on
aquifer concentrations. This process-based method is applicable to other low-level waste
sites and may provide a more science-based, defensible argument for the acceptance of a
PA than more traditional performance-assessment models.

Screening and scaling techniques as well as simplifying assumptions can be used to
make a full site assessment tractable. The screening and scaling techniques listed below
(items 1 through 3) are applicable to any site. The simplifying assumptions (items 4 and
5) are site specific but serve to illustrate the use of scoping calculations to define the
importance of including processes and/or analyses in the study.

(1) Calculations for the LANL site show only the three nonsorbing nuclides **C, '¥I,
and *Tc reaching the aquifer during the 1000-year compliance period or the 10,000-year
uncertainty period. Therefore, no formal transport calculations are required for the
remaining nuclides in the inventory. With this simple screening technique, the compli-
ance period is compared to the travel times for nuclides with increasing sorption
coefficients. Once a cut-off K, value is found, nuclides with larger K, values need not
be considered.

(2) For longer or unspecified compliance periods a more general screening technique
is applied. Generic breakthrough curves are used to estimate travel time as a function of
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K. Then each radionuclide’s half-life is compared to its predicted travel time. If several
half-lives (20 is very conservative) are less than the travel time, the nuclide will decay
sufficiently so that no release is predicted and an assessment for that species is not
necessary. Daughter products must also be considered.

(3) The spatial variability of the source term is important for the case presented in
this paper. At other sites, spatial source term information may be unavailable or
unimportant. For such sites, generic breakthrough curves developed for the screening
can be scaled (with a correction for radioactive decay) based on the inventory of any
nuclides still requiring full assessment.

(4) Although the site conceptual model indicates that transients and fracture flow may
affect transport through the unsaturated zone, a steady-flow, matrix-dominated model is
abstracted for the PA calculations. Preliminary simulations, which indicate that tran-
sients are damped with depth (Birdsell et al., 1999) and that fracture flow in the upper
units is difficult to maintain (Soll and Birdsell, 1998), justify this abstraction.

(5) A formal uncertainty analysis is not necessary for this case study because
simulated doses, calculated through a series of deterministic sensitivity runs, are several
orders of magnitude lower than performance measures. The informal arguments concern-
ing the uncertainty of the simulations indicate that the site will remain in compliance
even if these factors are taken into account. A probabilistic uncertainty analysis may be
required only if predicted doses approach regulatory limits.

Process-based predictions provide a science-based site assessment that readily
demonstrates the incorporation of the conceptual model into the numerical predictions,
Such predictions can also highlight data needs or identify data that are not crucial to the
PA. For this example, the mesa-top infiltration rate is the strongest control over the
predicted dose. Chloride profiles (Newman, 1996) and predicted saturation profiles
indicate that the range of infiltration rates we have chosen is conservative for the site.
However, we are unable to match field data with the steady-flow, uniform infiltration,
unsaturated-zone model. If infiltration is spatially variable or transient, the site’s
performance could be less robust than indicated by our study. For this reason, a
continued effort that couples chloride and isotope analyses with modeling studies is
planned to better understand local and site-wide net infiltration.

In contrast, although we have little knowledge of the hydrologic properties of the
basalt unit at the site, we feel that such data are not currently required. The site appears
to perform significantly better than is required despite our assumption of nearly
instantaneous transport through the basalt unit. Any data gathered to increase our
understanding of transport through the basalt would increase travel times and decrease
predicted aquifer concentrations.

The success of the groundwater flow and contaminant transport model described in
this paper is demonstrated by the approval of the PA. Having undergone and passed the
technical and regulatory reviews required by the DOE for PA approval, the modeling
approach and the model were determined to be appropriate for characterizing groundwa-
ter risks at numerous formerly used disposal sites undergoing corrective action by the
LANL Environmental Restoration Project. This application of a proven site-specific

model is expected to save millions of dollars in streamlining the corrective action
process at the LANL. '
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