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1.0 Introduction

This report describes the groundwater flow and transport modeling conducted in support of the
Los Alamos National Laboratory (LANL or the Laboratory) Material Disposal Area (MDA) G
performance assessment and composite analysis. The MDA G performance assessment and
composite analysis use models created with GoldSim™ (Golder, 2005a and 2005b), a system-
level modeling tool that allows the integration of numerous process-level models and provides
the tools needed to conduct probabilistic assessments of long-term facility performance. The
groundwater transport model detailed in this report is one of several process models incorporated
into the performance assessment and composite analysis model.

The groundwater transport modeling effort builds on the knowledge gained through previous
studies at MDA G and is augmented by the use of new data, modeling tools, and computer
simulations. The approach combines geologic, hydrologic, and topographic data into a three-
dimensional {3-D) site-scale model. Mathematical models are used to simulate the transport of
radionuclides from the surface through a deep vadose (unsaturated) zone, into the saturated zone,
and finally to a compliance boundary located 100 m (330 ft) east of MDA G. Although the
compliance period for the performance assessment and composite analysis is 1,000 vyears, the
simulations are designed to be robust and can be used to estimate groundwater impacts well past
the regulatory timeframe to provide insight into possible long-term issues.

This report consists of four major sections, including this introductory section. Section 2
provides an overview of previous investigations related to the development of the current site-
scale model. The methods and data used to develop the 3-D groundwater model and the
techniques used to distill that model into a form suitable for use in the GoldSim models are
discussed in Section 3. Section 4 presents the results of the model development effort and
discusses some of the uncertainties imvolved. Six attachments that provide details about the
components and data used in this groundwater pathway model are also included with this report.

Groungivaler Fatway fodel for LANL TA-54. Malerial Disprosal Area G
099-05 1



2.0 Background

Material Disposal Area G, the only active low-level waste repository for the Laboratory, has
been in operation since 1957. The location, topography, and general stratigraphy of MDA G are
described briefly in Section 2.1. Section 2.2 summarizes some of the details of previous geologic
and groundwater transport studies relevant to this study of groundwater transport of
contaminants from MDA G disposal units.

2.1 Site Description

As shown in Figure 1, MDA G is located on the eastern edge of the Laboratory in Technical
Area (TA) 54, approximately 2 km (1.2 mi) west of the town of White Rock and about 5 km
(3.1 mi) west of the Rio Grande. The site lies on Mesita del Buey, which is bounded to the north
by Cafiada del Buey and to the south by Pajarito Canyon (Figure 2). The surface of MDA G
slopes to the east from an elevation of 2,070 m (6,790 ft) above mean sea level (msl) in the
expansion area near MDA L, to an elevation of approximately 2,033 m (6,670 ft) above msl at
the eastern end of MDA G.

The site has been in operation since 1957, during which time radioactive waste generated at the
Laboratory has been disposed of in pits (Figure 3) and shafts. Table 1 lists the depth and average
surface and bottom elevations of each of the waste disposal pits. The shafts range in depth from
approximately 8 to 20 m (26 to 66 ft) and are typically 0.5 to 1.0 m (1.6 to 3.3 ft) in diameter.
Operational plans call for expansion of MDA G to the west into Zone 4, toward the boundary
with MDA L (Figure 2).

Subsurface information about the basic stratigraphy beneath MDA G, obtained from regional
characterization wells, is shown in cross section in Figure 4. The nomenclature for the Bandelier
Tuff units discussed in this report (Figure 5) follows the usage of Broxton and Reneau (1995),
who provide a detailed description of this formation. The disposal pits and shafts at MDA G
have been excavated into unit 2 and unit 1v of the Tshirege Member of the Bandelier Tuff, which
extends below the ground surface to approximately 1,970 m (6,463 ft) above msl in the vicinity
of MDA G. The Cerro Toledo interval (Qct) lies below the Tshirege Member and above the
Otowi Member of the Bandelier Tuff. Although the Cerro Toledo interval is technically not a
part of the Bandelier Tuff, its material properties are more similar to the tuff than to the Cerros
del Rio basalt. As shown in Figure 4, the thickness of the Bandelier Tuff increases from east to
west in the vicinity of MDA G. The Cerros del Rio basalt lies beneath the Bandelier Tuff; the
lower portion of the basalt extends below the surface of the regional water table, along with
several deeper formations such as the Puye Formation (Figure 4).

Groundwaler Patiway Mooe! foe LANE TA-54. Malexal Disposal Srea G
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Figure 1
Locations of Material Disposal Area G and Model Area
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Figure 2
Aerial Photograph of Material Disposal Area G
Looking West Toward Jemez Mountains

Source: Apogen Technologies (formerly SEA}
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Table 1
Depths and Elevations of Material Disposal Area G Pits

Elevation above Mean Sea Level (m)
Pit Number Depth (m) Surface Bottom of Pit
1 6 2,034 2,028
2 8 2,037 2,029
3 10 2,034 2,024
4 10 2,036 2,026
5 9 2,034 2,025
6 8 2,039 2,031
7 9 2,039 2,030
8 8 2,042 2,034
9 8 2,043 2,037
10 8 2,044 2,036
12 8 2,047 2,039
13 9 2,047 2,038
15 9 2,047 2,038
16 8 2,047 2,039
17 7 2,034 2,027
18 12 2,035 2,023
19 5 2,042 2,037
20 11 2,038 2,027
21 8 2,041 2,033
22 10 2,042 2032
24 9 2,033 2,024
25 12 2,044 2,032
26 11 2,050 2,039
27 14 2,055 2,041
28 12 2,047 2,035
29 15 2,050 2,035
30 11 2,050 2,039
31 8 2,043 2,035
32 16 2,051 2,035
33 12 2,052 2,040
35 12 2,052 2,040
38 13 2,052 2,039
7 19 2,052 2,033
38 18 2,055 2,037
39 14 2,047 2,033

Groundwater Pathway hode! for LANL TA-54. Materi! Disposal Ares G
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2.2  Previous Investigations

The groundwater pathway modeling presented in this report builds upon the findings and
information provided by a number of earlier investigations. A solid foundation was provided by
data compiled in support of the 1997 performance assessment and composite analysis (Hollis
etal, 1997); this includes geologic information (Vaniman et al.,, 1996) and hydrologic
parameters for MDA G (Krier et al., 1996; Rogers and Gallaher, 1995). Information developed
since the completion of the 1997 performance assessment and composite analysis also played a
key role in this groundwater transport analysis.

The new model incorporates a high resolution digital elevation model (DEM) of the surface
topography (Carey and Cole, 2002). Also, a more accurate 3-D representation of the site was
developed using a new geologic model that incorporates increased stratigraphic control from five
regional characterization wells (R-20, R-21, R-22, R-23, and R-32) drilled in the vicinity of
MDA G between 2000 and 2003. Figure 6 shows the location of these characterization wells.

Data collected from the characterization wells shown in Figure 6 have led to improved
understanding of the deep subsurface directly beneath MDA G and to subsequent modifications
in the model used for contaminant transport. New hydrogeologic datasets include an updated
compilation and statistical analysis of subsurface material properties of the Bandelier Tuff from
TA-54 (Springer, 2005), a statistical analysis of mesa-top infiltration (Springer and Schofield,
2004), and constraints on the properties of vadose-zone, fractured basalt (Stauffer et al., 2003).
These new data, discussed below, are important inputs to the groundwater pathway model.

Springer (20035) examined geographical differences among vadose-zone hydrologic properties
across the Laboratory as a means of estimating vadose-zone model parameters for the Bandelier
Tuff. Hydrologic properties included measured properties such as bulk density, saturated water
content, and saturated hydraulic conductivity, and fitted parameters such as the van Genuchten
equation parameters (& and ) and residual water content. Nonparametric analyses were used to
identify differences among the measured hydrologic properties for (1) lithologic units within a
LANL technical area (2) at different TAs (3) in mesa-top versus canyon settings, and (4) across
lithologic umits. Most hydrologic properties were similar within lithologic units at a TA. No
consistent relationships were found among TA, except for the residual water content, which was
essentially zero at all locations. Hydrologic properties of the Tshirege Member unit g were
somewhat similar at mesa-top and canyon settings, but this was not true of the Otowi Member.
Hydrologic properties for Tshirege units 1v and 1g were essentially the same.

Stauffer et al. (2005) used data from a bromide tracer test at the Los Alamos Canyon low-head
weir to constrain basalt material properties in the unsaturated zone. This study showed that,
under ponded conditions, the Cerros del Rio basalt behaves like a very low-porosity, high-
permeability system.

Groundwaler Pathway tpdei for LANL TA-54. Materisi Disposal Ares 9
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Previous groundwater transport investigations at MDA G (Birdsell et al., 1995, 1999, and 2000;
Hollis et al., 1997; Soll, 1995) provide a wealth of insight into the local transport of
radionuclides; these studies relied on the process-level. multidimensional, finite-element porous
flow and transport simulator known as FEHM (Finite Element Heat and Mass) (Zyvoloski et al.,
1995a and 1995b) to model the movement of water-soluble radionuclides from the disposal pits
and shafts at MDA G to a drinking water compliance point. Summaries of pertinent aspects of
these studies, which guided the current effort, are provided below.

Birdsell et al. (1999) conducted investigations into specific flow processes that are relevant to the
modeling approach adopted for this study. To determine the effect of transient pulses of moisture
on radionuclide transport in the MDA G area, Birdsell et al. ran 1-D and 2-D models of liquid-
phase C-14 transport through the Bandelier Tuff. Four scenarios were evaluated. These scenarios
had nearly identical long-term infiltration rates of 5.5 mnv/yr (0.22 in./y1); however, infiltration
rates for individual years varied greatly (from zero to over 100 mm/yr [3.9 in./yr]), and the four
selected scenarios had different temporal distributions. Simulations were run for 5,000 years, and
the results of the C-14 transport modeling were compared to a simulation using the long-term
average infiltration rate. This study showed that a steady-state flow assumption is valid within
the range of likely infiliration rates for MDA G and the surrounding area because the transient
pulses were damped out as they propagated downward through the system.

Other modeling examined the effect that fractures in the tuff may have on water flow, examining
possible scenarios where significant fracture flow may occur (Birdsell et al., 1999: Soll and
Birdsell, 1998). In this study, the effects of fracture coatings and fills, locations of fractures with
respect to the waste. and interactions between fractures and the surrounding matrix were
examined. High-infiltration rates were assigned to the top of the simulated fracture systems to
ensure that “worst case” conditions were achieved. The results showed that limited fracture flow
was activated only during extreme events such as surface ponding of water. The authors
concluded that, in most cases, fractures at MDA G are not a major conduit for the movement of
water from the surface to the water table.

Birdsell et al. (1999) also examined how evaporation from the surge bed at the base of Tshirege
Member unit 2 (see Figure 5) might affect vadose-zone flow. Their results show that evaporation
could cause extremely high capillary forces resulting in the flow of water toward the surge bed.

Maodeling by Robinson et al. (1999) showed that changes in hydrologic properties at the subgrid
scale can lead to reduced permeability across unit interfaces. Saturation data from regional
characterization well R-32, located to the west of MDA G, indicates that reductions in
permeability occur at two interfaces, one at the base of Tshirege Member unit 1g and the other at
the top of the Cerros del Rio basalt. Robinson et al. (1999) reported that perched water at the top
of the basalt occurs with a reduction of interface permeability of about 1,000.

Groundhwater Pathway Mool for LANL TA-84, Materia! Disposal Ares G 1 1
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Another consideration for the groundwater pathway modeling is the effect that increased
mfiltration in nearby canyons may have on the transport of contaminants from MDA G. As
described in Pratt (1998), the lower Pajarito Canyon, just south of MDA G, has more subsurface
water than Cafiada del Buey and thus is more likely to have an impact on modeling results.
Pajarito Canyon is relatively wide and has a fairly flat bottom in the area near MDA G, as seen in
Figure 2. Shallow wells located along the canyon bottom between TA-18 to the west of MDA G
and White Rock to the east indicate the presence of alluvial groundwater, which is attributed to
the fact that this section of Pajarito Canyon is a major drainage between the Pajarito Mountains
and the Rio Grande (Pratt, 1998). The section of Pajarito Canyon just south of MDA G is
hydrologically similar to other major drainages at the Laboratory, such as lower Los Alamos
Canyon (Nylander et al., 2003). Runoff from higher elevations is focused into Pajarito Canyon
and creates a transient stream that flows intermittently, sometimes resulting in pooled water in
the canyon bottom to the south of MDA G (Pratt, 1998). The most recent estimate of average
annual nfiltration in lower Pajarito Canyon is 18.5 m*/m (200 f£'/ft) (Kwicklis et al., 2005,
Table 2). This value represents the average infiltration per meter of canyon across the average
canyon width between two stream gauges, the upstream gauge is located several kilometers west
of MDA G and the downstream gauge lies just west of White Rock. The infiltration value does
not account for stream losses due to evapotranspiration.

Groundwater Pathway Mode! for LANL TA-54, Material Disposal Area G 1 2
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3.0 Methods

The MDA G groundwater pathway modeling effort included (1) the development of a 3-D model
capable of simulating the transport of water-soluble radionuclides released from the pits and
shafts at MDA G and (2) the abstraction of this complex model to a 1-D form suitable for
implementation within GoldSim. As was the case for the 1997 performance assessment and
composite analysis, the 3-D modeling was conducted using the process-level, multidimensional.
finite-clement porous flow and transport simulator known as FEHM (Finite Element Heat and
Mass) (Zyvoloski et al., 1995a and 1995b). Stochastic modeling of groundwater transport can,
potentially, require thousands of simulations. Given the computer-resource-intensive nature of
FEHM, 1-D abstractions of the 3-D model were developed for use in the probabilistic analyses
{see Section 3.2). The GoldSim model controls these 1-D model abstractions, allowing the bulk
transport properties of the subsurface for all radionuclides undergoing groundwater transport to
be modified as desired.

The 3-D modeling requires a numerical grid that represents the topography and geology of
MDA G and the surrounding area. Section 3.1 describes how the grid was developed and the 3-D
model was configured to enable more realistic simulations of flow and transport. Section 3.2
describes how the resultant 3-D breakthrough curves were abstracted to a series of 1-D models
that recreate particle breakthrough at the compliance boundary.

3.1 Three-Dimensional Model Development

Since the completion of the last performance assessment and composite analysis (Hollis et al.,
1997), new information and techniques have become available to update and refine the models
used to conduct groundwater pathway modeling. Section 3.1.1 discusses the development of a
new 3-D topographic and geologic grid, Section 3.].2 explains how the model was configured to
simulate actual conditions, and Section 3.1.3 presents the hydrogeoclogic input data used to
populate the model. Descriptions of the simulations that were conducted in support of the

groundwater modeling effort are presented in Section 3.1.4.

311 Grid Development
The 3-D grid used to conduct the groundwater modeling was designed to meet several
conditions:

« Continuity and correlation with the Espafiola basin site-scale regional aquifer
computational model (Keating et al., 2003)

e Resolution adequate to accurately locate features such as waste pits, truncated material
layers along the mesa, fence boundaries, and the compliance boundary

Groundwates Pathway Moge! for LANL TA-B4. Matena! Disposal Ares G 1 3
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« Incorporation of the latest 3-D geologic model to define the hydrogeologic layers

« Adequate hydrogeologic layer resolution to provide accurate streamline-particle-
tracking solutions

The grid incorporates a new mesh refinement technique that provides high resolution near the
MDA G waste pits and lower resolution away from the MDA G fence line. The new 3-D grid has
approximately 10 times as many nodes and a resolution in the area of the disposal pits that is
6 times greater than that of the previous vadose-zone grid (Birdsell et al., 1999). Furthermore,
the new grid spans an area of nearly 15 km® (5.8 mi®), which is large enough to avoid edge
effects that led to nonphysical flow in previous transport simulations. The grid extends well
below the water table and is used to follow contaminant pathways from the surface of the
disposal facility through the vadose zone, into the saturated zone, and finally to the compliance
boundary. A metric-based polar stereographic coordinate system used in the Espaiiola basin site-
scale regional aquifer computational model (Keating et al., 2003) was applied to the new grid.
The use of this coordinate system allows flow in the saturated section of the MDA G model to be
casily validated against the calibrated regional model. A complete description of the grid
generation process 1s presented in Attachment 1.

The numerical grid measures 4,750 m (3 mi) from east to west and 2,875 km (1.8 mi) from north
to south (Figure 1). The footprint of the grid was designed to encompass several important wells,
including regional characterization wells R-20, R-21, R-22, R-23, and R-32 (Figure 6), and water
supply well PM-2, to the northwest of well R-20.

The surface elevation of the grid was interpolated from a high-resolution DEM (Carey and Cole,
2002) that ranges from 2,150 m (7,055 fi} above msl in the northwest to approximately 2,000 m
(6,560 ft) above msl in the southeast; this model is shown in Figure 7. As discussed earlier, the
grid resolution decreases with distance from MDA G, yielding the most accurate representation
of the surface topography near the disposal pits. This can be seen in Figure 8, where the well-
defined topography on Mesita del Buey (MDA G) contrasts with the blocky appearance of the
mesa to the south. The grid spacing between nodes in the horizontal direction reaches a
minimum of 7.8 m (26 ft) in the vicinity of the pits and shafts and is coarsest (125 m [410 ft]) in
the regions farthest from MDA G. The high-resolution section extends more than 100 m (330 ft)
beyond the boundary of MDA G to ensure that lateral transport issues can be adequately
addressed.
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Figure 8a: Cutaway of entire
three-dimensional grid (~15 km?)

Figure 8b: Magnified view of southeastern
portion of Material Disposal Arca G. The largest
grid squares (lower left) are 125 m x 125 m. 2000 2045 2080
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Figure §
Horizontal Resolution of Numerical Grid Digital Elevation Model
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The vertical resolution of the grid varies; the resolution is greatest in the vadose-zone and upper
parts of the saturated zone where most contaminant transport is expected to occur, and decreases
with depth below ground surface. In the vicinity of MDA G, a vertical resolution of 6.25 m
(20.5 1) is used to represent the Bandelier Tuff and the uppermost 50 to 70 m (160 to 230 ft) of
the basalt. Below this, a two-step transition is applied, resulting in a vertical grid spacing of
37.5m (123 fi) from the bottom of the high resolution region to approximately 1,000 m
(3,300 ft) below ground surface, and a 150 m (490 ft) grid spacing at greater depths. To
minimize boundary effects, the grid extends to an elevation of 100 m (330 ft) above msl. This is
far below the surface of the water table, which lies at an elevation of 1,740 to 1,800 m (5,700 to

5.900 ft) above msl.

The 3-D grid relies on a 2003 update of the vadose-zone geologic model of MDA G and the
surrounding area (see Artachmenr II for a complete description of the vadose-zone geologic
model). This update represents the third major revision of the 3-D LANL site-wide geologic
model since it was developed in 1996 and incorporates information collected from regional
characterization wells that were drilled in the vicinity of MDA G from 2000 through 2003
(Figure 6). As a result, it is expected to more accurately represent actual geologic conditions. To
lustrate, comparisons of predictions made using the 1996 geologic model (Vaniman et al.,
1990) to the actual drilling logs from wells R-21 and R-22 show that the elevations at which unit
contacts occur differ by 10 m (33 ft) or more in some instances. At R-22, for example, the top of
the Cerros del Rio basalt was encountered approximately 13 m (42 ft) lower than that predicted
using the 1996 model (Figure 9).

The updates to the geologic model have varied effects on the projected contaminant travel times
near MDA G. The increased thickness of the Bandelier Tuff in the vicinity of MDA G
(Figure 9), may imply longer travel times than predicted by the 1996 model. For a given
infiltration rate, water moving through the tuff has a relatively long travel time when compared
to the underlying basalt; thus, contaminants released in the vicinity of R-22 will reach the basalt
more slowly than previously thought. On the other hand, unlike the 1996 model, the new
geologic model does not include Puye fanglomerates, but does include a basalt layer that is
209 m (686 ft) thicker than in the previous model. Rates of contaminant transport within the
basalt are expected to be rapid due its highly fractured nature. Because of this, the overall
contaminant travel time to the regional aquifer may be shorter.

Table 2 compares the 3-D grid to actual data from well R-22, the only regional characterization
well that lies within the high resolution section of the grid (6.25 m [20.5 fit] vertical resolution).
The model stratigraphy and well data are good matches within this region, and within the 7.6 m
(25 ft) resolution of the MDA G vadose-zone geologic model used to define the layer
stratigraphy.
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Table 2
Comparison of As-Drilled Stratigraphy from Regional Characterization
Well R-22 to Three-Dimensional Model Predictions

Elevation above msl (m)
Geologic Unit Contact As-Drilled 3-D Mode! | Difference (m)?

Surface 2,027 2,025 2
Contacts within Bandelier Tuff

Tshirege Member unit 2 and unit 1v 2,014 2,009 4

Tshirege Member unit 1v and 1g 2,004 2,003 1

Tshirege Member unit 1g and uppermost Otowi Member 1,988 1,984 4

Uppermost Otowi Member and Guaje Pumice 1,973 1972 1
Contacts below Bandelier Tuff

Guaje Pumice and Cerros del Rio basalt 1.969 1,966 4

msl = Mean sea level
& Numbers shown in this column may vary from calculated differences between numbers shown in first two columns because of rounding.

3.1.2  Model Configuration and Boundary Conditions

The 3-D site-scale model is used to trace the travel times of particles released from MDA G and
to generate conservative breakthrough curves, otherwise known as residence time distribution
functions {RTDs). Because the RTDs vary with release location and infiltration rate, the
complexity of the model is reduced by adopting a number of assumptions and boundary
conditions that constrain the groundwater transport model and simplify the modeling task.

To account for variations in particle travel times across MDA G, the facility was divided into
eight discrete waste disposal regions, each representing an area where flow and contaminant
transport behavior will be different. These variations occur because (1) the thickness of the
Bandelier Tuff, which largely determines particle breakthrough behavior, increases from east to
west, and (2) the differences in the depths of the disposal units influence particle travel time to
the compliance boundary. Figure 10 shows the location of the waste disposal regions. Disposal
regions 1 and 8 contain aggregates of pits and shafts with similar depths, while the remaining
disposal regions contain either all pits or all shafts. Although the shafts in disposal region 6 are
immediately adjacent to the shafts included in disposal region 1, region 6 is modeled separately
because its shafts are significantly deeper than those in region 1. Similarly, the shafts in waste
disposal region 7 are interspersed among the pits in region 3. but are modeled separately because
of differences in depth. Figure 10 shows the approximate areas where large numbers of the
region 6 and 7 shafts are located. Disposal region 8, west of the active portion of the disposal
facility, is within the expansion area of MDA G referred to as Zone 4. The location shown in the
figure for the disposal units in this region represents a reasonably conservative release point for
the poorly constrained future contaminant releases from this site.

Groundwater Pathway Model fur LANL TA-54, Kateripi Disposs! Areg 1 9



S0-60

5 opS JSOUSIT JBUSIB 'SG-Y.L TNY ] 10} ROOK ABRUIES SSIEMILN0IS

0c

0 75 150 m
Scale

Grid coordinates (m) based on polar
stereographic projection used in
Espafiola basin site-scale model
(Keating et al., 2003)

Waste disposal region {pits or
pits/shafis)

Waste disposal region (shaits)
Waste disposal region (future)

Pit number

Figure 10
Waste Disposal Pits and Waste Disposal Regions
Superimposed on the Numerical Grid




All of the waste disposal regions fall within the high-resolution portions of the 3-D model grid.
This is shown in Figure 10, where each square in the figure corresponds to one node on the
surface of the grid and the transition from high resolution to low resolution is apparent.

Table 3 provides the model coordinates for and a brief description of the pits and shafts included
in each waste disposal region. The average bottom elevation of the disposal units mn each region
was calculated and used as the point of entry into the groundwater model for radionuclides
leached from the waste. The controlling GoldSim model was responsible for estimating
contaminant mass fluxes exiting from the bottom of each waste disposal region.

Particle breakthrough was specified relative to a vertical plane approximately 100 m (330 ft) east
of the MDA G fence line. Figure 10 shows the compliance boundary plane in map view with
respect to the numerical grid and the locations of the disposal pits.

g:?tli(::l?,e Release Point Locations Representing the Eight Waste Disposal Regions
Waste Grid Location Coordinates (m) 2
Disposal | East-West Axis | North-South Axis | Elevation above
Region | (x-coordinate) {y-coordinate) | ms! (z-coordinate) Description

1 22,023 ~132,448 2,024 Pits 1~5, shallow shafts near pit 2
2 21,820 -132,086 2,028 Pits 6,7.24
3 21,688 -132,125 2,032 Pits 8 through 22
4 21,500 -132,063 2,036 Pits 25 through 31, 38
5 21,281 -131,861 2,037 Pits 32 through 38
) 22,000 -132,047 2015 Deep shafts near pit 2
7 21856 -132,218 2,020 Deep shafts among pits 8 - 22
8 21,063 -131,838 2,038 Zone 4 pits and shafts

msi= Mean sea leve!
2 Grid coordinates based on metric polar stereagraphic coordinates used in Espaiiofa site-scale basin model (Keating, et al., 2003)

3.1.21 lInfiltration

Long-term infiltration on the mesa is one of the primary uncertainties in simulations of
contaminant transport from MDA G to the compliance boundary. For this study, it was assumed
that MDA G will remain hydrologically similar to an undisturbed mesa-top site, especially after
final closure. To capture the uncertainty in transport travel times through the unsaturated zone, a
probability distribution that spans a reasonable range of infiltration rates was used. This
distribution was based on data compiled in Springer and Schofield {2004), as described below.
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Another uncertainty identified at the outset of this study was the effect of elevated infiltration in
nearby canyons on the transport of contaminants from MDA G. The modeling performed to
evaluate the potential impacts of canyon infiltration on the MDA G groundwater modeling is
discussed at the end of this section.

Springer and Schofield (2004) compiled almost 200 mesa-top infiltration estimates from various
modeling, field experiment, and chloride mass balance studies to estimate rates of mnfiltration.
Their statistical analysis shows that the data are trimodal, with modal values around 0, 15, and
60 mm/yr (0, 0.59, and 2.4 in./yr) (Springer and Schofield, 2004, Fig.4). In their analysis.
Springer and Schofield indicated that infiltration rates greater than 10 mmy/yr (0.39 in./yr) were
typically associated with disturbed sites.

It 1s anticipated that the landfill cover designed for MDA G will behave at least as well as the
undisturbed mesa top. Consequently, the probability distribution of infiltration rates adopted for
the groundwater transport modeling considers infiltration values of 10 mmv/yr (0.39 in./yr) or
less. Figure 11 shows a normalized histogram of infiltration for undisturbed mesa tops in the
general area of MDA G. This histogram was generated with the Springer and Schofield (2004)
data by dividing the total samples in a given infiltration increment by the size of the increment.
For example, there are 37 estimates in the 0 to 0.1 mm/yr (0 to 0.0039 in./yr) increment (yielding
a normalized probability of about 0.37) and only 8 estimates in the & to 10 mm/yr (0.32to
0.39 in./yr) interval (vielding a normalized probability of approximately (.004).

This preliminary estimate of the probability distribution function for infiltration was used to
determine the range of likely MDA G infiltration values. Ten infiltration rates spanning this
range were identified and used to create a series of 3-D RTD breakthrough curves for releases
from the 8 waste disposal regions. This resulted in the creation of 80 unique breakthrough curves
that can be sampled from within GoldSim and used to generate the 1-D pipe pathways needed for
calculating contaminant migration to the compliance boundary. In this appreoach, GoldSim
samples the actual, continuous infiltration rate distribution during model simulations and selects
the breakthrough curve that most closely corresponds to this rate within the waste disposal region
under consideration. The discretization of the infiltration distribution in the manner described
above provides a mechanism for considering the effects of variable infiltration rates on facility
performance while maintaining model complexity at a reasonable level.

Potential groundwater-pathway risks are expected to be small during the 1,000-year compliance
period at low rates of infiltration. However, at infiltration rates of 2 to 10 mm/yr (0.079 to
0.39 in./yr), the possibility for significant exposures within the compliance period increases
substantially. Thus, although the infiltration probability distribution is heavily weighted toward
values below 2 mm/yr (0.079 in./yr), an effort was made to include several discrete infiltration
values at the upper end of the infiltration distribution because of the associated higher risk.
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Each infiltration, or mass flow, value (kg/yr) was assigned to every surface node within the
numerical model. This value represents the product of the desired infiltration rate (mm/yr), the
surface area over which infiltration occurs (m°), and the density of water (1,000 kg/'m3
62 1b/£t°]). For example, if a node has a surface area of 1.0 m’ (11 f%) and the desired infiltration
rate 18 1.0 mm/yr (0.039 in/yr), the infiltration value would be 1.0 kg/yr (2.2 Ib/yr) or
3.2 % 10% kg/s (7.0 x 10 Ib/yr). If a node was located along the edge of Mesita del Buey, only
the area on top of the mesa was used to calculate infiltration; the mesa sides were assumed to
have zero net infiltration.

High rates of infiltration in the canyons adjacent to MDA G may influence contaminant
breakthrough times. Consequently, modeling was performed to determine how infiltration from
nearby Pajarito Canyon — the wettest canyon in the vicinity of MDA G — should be considered
in the groundwater pathway model. Kwicklis et al. (2003) estimated annual infiltration of
18.5 m*/m (200 ft*/ft) in the lower Pajarito Canyon. Using the Kwicklis et al. estimate as a guide,
two cases were developed. The first case uses an annual infiltration of 6 m’/m (65 ft"’/ﬂ),‘ which
is based on an infiltration rate of 100 mm/yr (3.9 in./yr) over a 60-m (200-ft) wide, 3-kmn
(1.9-m1) long stream channel). This case represents infiltration under conditions of high
evapotranspiration, conditions that are expected to prevail in the canyon and that were not taken
into account by the infiltration estimate provided by Kwicklis et al. (2005). The second case
assumes no evapotranspiration and an annual mfiltration of 24 m/m {260 ft3/i’t), based on an
infiltration rate of 100 mmv/'yr (3.9 in./yr) over a channel width of 240 m (790 ft). For both cases,
simulations were run using varied rates of infiltration over the rest of the model surface (ie.,
“background” infiltration rates). The results of these simulations were compared to mode
projections based on infiltration rates that were constant across the entire model surface,
including Pajarito Canyon.

3.1.2.2 Initial and Boundary Conditions

High capillary forces within the Bandelier Tuff lead to very low flow rates at the low-to-
moderate saturations typical of the subsurface beneath mesas on the Pajarito Plateau. As
discussed in Section 2.2, Birdsell et al. (1999) showed that evaporation could cause extremely
high capillary forces resulting in the flow of water toward the surge bed. Although this
hypothesis is supported by some data (Rogers et al., 1996) the result of implementing an internal
evaporative boundary at the base of Tshirege Member unit 2 would be to stop transport below
this horizon. This “dry barrier” hypothesis was not considered in the current study because the
extent of this phenomenon has not been adequately addressed.

All Tateral boundaries in the vadose zone were assumed to be no-flow boundaries, that is, no
mass could enter or leave the system via these boundaries. Lateral gradients on these boundaries
were not considered for two reasons. First, the simulation domain boundaries are located more
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than a kilometer away from the MDA G fence line. Second, previous modeling studies of the
Pajarito Plateau found the magnitude of lateral gradients in the unsaturated zone to be generally
quite small (Birdsell et al., 1999; Stauffer et al., 2000).

Groundwater flow in all simulations was assumed to be from west to east following the water
table gradient in the area. The gradient was fixed for all simulations and was based on a water
table elevation of 1,798 m (3,900 1) along the western boundary and 1,737 m (5,700 {f1) to the
east. These elevations yield an average gradient across the domain of approximately 0.013 m/m
(0.042 {1t toward the Rio Grande. This gradient, based on data from Stone et al. (1999) and
more recent data from Keating et al. (2003), is expected to capture the general trend of flow near
the water table.

Saturated zone pressure was fixed along both east and west boundaries such that a constant head
1s maintained on each of these faces. The northern and southern boundaries in the saturated zone
are no-flow boundaries. This method ignores data reported by Keating et al. (2003) that indicates
there may be downward vertical gradients as high as 0.10 m/m (0.33 ft/ft). Some controversy
surrounds these data; one interpretation is that the gradients are caused by groundwater pumping
while another postulates that deeper flow in the aquifer is confined with respect to flow near the
water table. After discussions with Keating and other co-authors of the 2003 study, the second
interpretation was adopted for this study, and no downward gradients were prescribed in the
simulations. This 1s a conservative assumption because downward gradients would lead to
increased mixing and lower concentrations in the saturated zone near any pumping well.

All groundwater flow simulations were performed at 20°C. This assumption assured that density
and viscosity changes due to temperature were negligible.

31.3 Hydrogeologic Input Data

The hydrogeologic properties used in the mbdeling are presented in Table 4. These values are
based on data from Springer (2005), Stauffer et al. (2005), and Birdsell et al. (1999 and 2000).
The results of Springer’s analysis (2005), described in Section 2.2, were used to identify the
hydrologic properties for the Bandelier Tuff. Springer found that most hydrologic properties
were nof different for a given TA and hydrogeologic unit, which indicates that the values can be
pooled within a TA. No consistent relationships were found among technical areas except for the
residual water content, the value of which was essentially zero. Properties compared for mesa-
top and canyon settings revealed limited consistencies in the Tshirege Member unit 1g and no
consistency in the Otowi Member. A comparison of properties among hydrogeologic units
showed that the hydrologic properties of Tshirege units 1v and 1g were essentially the same. On
the basis of Springer’s analysis, the hydrologic properties for the Bandelier Tuff used in this
study are based only on measured data from TA-54.
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Table 4
Hydrogeologic Properties Used for the Three-Dimensional Model

Bulk Density | Permeability van Genuchten Parameters
Geologic Unit (kg/m?) {m?) Porosity S a(m-) n

Tshirege Member unit 2 1.4E+03 2.0E~13 4 1E-01 24E-02 | 47E-01 2.1E+00
Tshirege Member unit 1v 1.2E+03 1.2E-13 4.96-01 6.0-03 | 3.6£-01 1.7E+00
Tshirege Member unit 1g 1.26+03 1.5E~13 4.6E-01 2.28-02 | 5E-01 1.8E+00
Cerro Toledo interval 1.2E+03 1.86~13 4.5E-01 70E-03 | 13E+00 | 1.5E+00
Otowi Member above Guaje Pumice 1.2E+03 2.38-13 4 4E-01 4.3E-02 | 5.8E-01 1.8E+00
Otowi Member Guaje Pumice B.OE+02 ¢ 1.5E-132 6.7E-012 | 0.0E+002 | §1E~022 | 4.0E+Q02
Cerros de! Rio basalts vadose zone 2.TE+03 1.0E~12% 1.0E-03¢ | 1.0E-032 | 3.8E+00e | 1.5E+00¢
Cerros del Rio basalts saturated zone]  2.7E+03 1.0E~12°0 5.0E-02¢ NA NA NA

SOURCE: All data represents mean values from Springer (2005) unless otherwise noted

Numbers are roundsd to two significant digits

NA = Not applicable

2 Birdsell et al., 1999 and 2000 b Stauffer, 2008 ¢ Estimated in this report

The Springer data represent mean values determined through the statistical analysis described in
Attachment [1I, in which Springer calculated descriptive statistics and correlation properties for
geologic units and all data. Retention data by geologic unit and across the Bandelier Tuff were
pooled and fitted to Equation 1 in Attachment III to provide additional estimates of the
hydrologic parameters. In some cases the values used 1In model simulations are slightly different
than those listed in Attachment II] because the modeling was performed before the final draft of
the statistical analysis was completed.

The hydrogeologic properties adopted for the groundwater modeling differ somewhat from the
properties used in earlier modeling efforts (Birdsell et al., 1995, 1999, and 2000). However, the
overall characteristics of the geologic units remain the same. For example, the vadose-zone
basalt permeability and porosity values used for the model were adopted from Stauffer et al.
(2005), and are conservative estimates that yield the fastest travel times. These new properties
are more defensible than those used previously; however, the general behavior of this rock unit is
unchanged. Travel times through the basalt remain quite low, and this unit has little impact on
the total travel times of contaminants from the source region to the groundwater pathway

compliance boundary.

A permeability reduction factor of 0.01 was set at the top of the basalt. This permeability
reduction factor is not as low as that set by Robinson et al. (1999) (see Section 2.2) because
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R-22, the deep borehole drilled just to the east of MDA G, showed no perched water at this
location (perched water was noted at the location studied by Robinson et al.). Thus, the higher
value was selected because it yiclded increased saturations in the overlying few meters of the
Bandelier Tuff, but did not result in ponding during the simulations. Also, a permeability
reduction of 0.1 was included at the base of the Tshirege Member unit 1g unit after examining
data from borehole R-32. This reduction allows increased saturations when infiltration is high,
for example, 1n wetter canyon bottoms.

Values for some of the hydrogeologic properties used in the modeling were estimated because of
an absence of reported values in the literature. The Guaje Pumice is a high-silica basal pumice
within the Otowi Member of the Bandelier Tuff (Broxton and Reneau, 1995). The bulk density
of this unit was estimated to be 890 kg/m’ (56 Ib/ft)) using a grain density for the silica of
approximately 2,700 kg/m’ (170 b/ft’) and a reported mean porosity of 0.667 (Birdsell et al.,
1999 and 2000). The effective porosity of the basalt below the water table is expected to be
greater than that in the vadose zone {i.e., the water in the saturated zone encounters more flow
paths). The basalt within this region was assigned a porosity of 0.05 based on massive basalt
porosity values found in the literature (Doughty, 2000) and discussions with Dr. V. Vesselinov at
LANL (2004), whose unpublished work, conducted in conjunction with the work by Keating et
al. (2003), supports this value.

The groundwater pathway modeling adopted an approximate mean value of the longitudinal
dispersivity for modeling flow and transport within the vadose zone. A dispersivity of 2 m (7 ft)
was used throughout the model domain except for a section of the basalt in which the vertical
resolution of the grid changes (see Antachment I). Dispersivity in the octree mesh refinement
(OMR) grid area was set to zero because, at the time the modeling was performed, coding
limitations precluded the application of dispersionkacross OMR sections (this code limitation has
since been corrected). Setting dispersivity to zero in the OMR section will have little impact on
the breakthrough times at the compliance boundary because particle velocities in the basalt are
high and travel times are very low through this part of the grid.

3.14  Model Simulations

The 3-D site-scale model was used to trace the travel times of particles released from MDA G
and to generate conservative breakthrough curves. Because each particle has a random
component that determines its pathway through the complex 3-D grid, thousands of particles
must be released at the same time and at the same surface location to create an RTD (see Section
3.1.2 for a discussion of the selected release points). The RTD basically shows the probability
that a given particle will arrive at the compliance boundary in a given amount of time. Particle
tracer simulations were also run to determine appropriate dispersivity values and to predict how
contaminants might be captured by a nearby groundwater well. All simulations of contaminant
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transport assumed steady-state flow throughout the domain. To generate a steady-state flow field,
simulations were run with constant boundary conditions for 2.5 million years.

3.1.4.1 Conservative Breakthrough Curves

Conservative RTDs of particle breakthrough at the compliance boundary were generated for each
waste disposal region by releasing over 3,000 particles instantaneously from eight 1-m? (35-ft%)
volumes. The volumes were centered on each of the release locations listed in Table 3. A
sensitivity analysis was performed to ensure that the size of the release area centered on a given
disposal region did not affect the RTD. The results of this analysis, shown in Figure 12, indicate
that there was little difference in RTD values even when the size of the release area was
increased by a factor of 4.

Previous simulations of transport beneath MDA G used the advection-dispersion equation to
solve for tracer concentrations and were strongly affected by numerical dispersion (Birdsell et
al., 1999). For the 3-D simulations presented in this study, particles were chosen to simulate
transport because they are not affected by numerical dispersion (Lichtner et al., 2002). Another
benefit associated with using particles is that their exact position in the numerical grid is known
at all times, allowing very accurate tracer pathways to be analyzed. Particle tracking is also much
faster than the traditional finite-element implementation of the advection-dispersion solution.
Particle-tracking simulations were implemented using the sp#r macro in FEHM (Dash, 2003).

3.14.2 Longitudinal Dispersivity

Several simulations were conducted to estimate suitable values of longitudinal dispersivity
within the vadose zone. Disposal region 5, the westernmost waste disposal region in the active
portion of MDA G, was chosen as the release point because particles released there must travel a
greater distance to the compliance boundary than those from most other regions. As a result,
particles from region 5 should be more prone to dispersivity effects.

The range of longitudinal dispersivities considered in the evaluation was selected on the basis of
work conducted by Neuman (1990) and Gelhar et al. (1992) that shows longitudinal dispersivity
increasing with the length of the flow path. Gelhar et al. found that the maximum expected
longitudinal dispersivity is approximately one-tenth the total flow path length. Although the
Gelhar et al. results pertained to saturated systems, they were applied to this study because there
are no similar vadose-zone dispersion studies. Particle breakthrough at MDA G is controlled by
the travel time through the Bandelier Tuff because flow in the basalt is very rapid relative to flow
in the tuff. This means that the expected flow path length is approximately 60 m (200 ft). Since
dispersivity is generally expected to be lower in the vadose zone than in the saturated zone, 6 m
(20 1t), or one-tenth of the 60 m (200 ft) flow path length, was used as an upper limit for vadose-
zone longitudinal dispersivity. On this basis, the sensitivity analysis explored how changes in
dispersivity ranging from 1 m to 6 m (3.3 to 20 ft) affected model behavior.
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3143 Well Capture

The groundwater-pathway modeling estimates the contaminant-specific mass that crosses the
compliance boundary 100 m (330 ft) downgradient of the MDA G fence line. Only a portion of
the mass that crosses this boundary would, in fact, be captured by a domestic well and contribute
to the exposure projected for the individual using the well. Simulations were performed to
estimate the size of the capture zone and, in so doing, the capture efficiencies for a hypothetical

nearby well.

The hypothetical well, which was assumed to supply a single household, was assumed to be
located at the compliance boundary, 100 m (330 ft) directly downgradient (east) of MDA G. The
radius was set at 0.125 m (0.41 ft) and the screen interval was assumed to extend downward
37.5 m (123 ft) from the top of the water table. A range of pumping rates was used to estimate
the size of the well’s capture region; these rates were 50, 600, 1,200, and 2,500 n13/yr (1.3 x104,
1.6 x10°, 3.2x10°, and 6.6 x 10° gal/yr). An infiltration rate of 10 mm/yr (0.39 in./yr) was
assumed and a steady-state flow field was established with the pumping well in place.

To determine the radius of influence, simulations introduced particles along a line source that
was situated 100 m (330 ft) upgradient of the well and at an elevation corresponding to the
midpoint of the well screen interval, or nearly 19 m (62 ft) below the top of the water table. The
particles were released at a closer spacing than the pit node distribution so that the well radius of
influence could be determined to within hundredths of a meter.

Capture efficiencies, or the fraction of contaminant released from the disposal facility that is
intercepted by the well, were also estimated for each waste disposal region. The pumping well
was fixed for all simulations at approximate grid coordinates of x = 22,000 m, y = —132,000 m,
and z = 1,750 m. Ten particles were introduced at every x-y grid location corresponding to a
disposal unit node. Because the capture efficiency relies mainly on the number of particles
coming from directly upgradient of the well, the disposal units were shifted along the y-direction
so that the maximum east-west point density was aligned with the pumping well. To do this, the
release points from each disposal region were first binned into groups with the same north-south
(y) coordinate, then the east-west (x) section with the most points was shifted to align with the
pumping well. The locations were mapped vertically to the midpoint of the pumping well (i.e.,
19 m [62 ft] below the water table) and the effect of transverse dispersivity (the amount of spread
perpendicular to the direction of travel) on particle capture was evaluated using dispersivities
ranging from 0 to 10 m (0 to 33 ft). Figure 13 shows the adjusted alignment for the release from
waste disposal region 5. Capture efficiencies were calculated separately for all waste disposal
regions except regions 6 and 7, to account for the regions’ unique geometries. Regions 6 and 7
were assumed to have capture efficiencies equal to those of regions 2 and 3, respectively.
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The finite vertical resolution of the 3-D numerical grid causes two vertical steps in the grid cells
that represent the water table (shown in Figure 14). The easternmost step occurs just past the
compliance boundary and causes the particles to dive deeper into the saturated zone in an
unrealistic fashion near the hypothetical well. Because the well’s screened interval extends only
37.5m (123 ft) downward from the top of the water table, this discontinuity in the water [evel
can lead to low calculated capture efficiencies. The shift in the x-direction was made to ensure
that the step in the simulated water table did not reduce the well capture efficiency. This shift
does not affect the analysis because all nodes below the water table are in homogeneous basalt
and the gradient used for the analysis is fixed and linear from west to east.

Table 5 presents the transformed values for both the x-direction (east-west) and y-direction
(north-south) shifts that were applied to every particle from a given disposal region. As
explained, the north-south shift was made to ensure that the well was aligned with the greatest
density of particles along the line source. The shift from east to west was made to ensure that the
step in the grid due to the change in vertical resolution did not reduce the well capture efficiency.

Table 5
Transformed Values for Shift of Tracer Particle Release Points *
Horizontal Shift (m) b Path Length to Well (m} from Region
Shortest (from Longest {from
Waste Disposal Region | X-Direction | Y-Direction | eastern boundary) | western boundary)
1 -250 94 109 304
2 -250 825 328 515
3 ~250 203 421 680
4 ~250 -235 656 900
5 250 -125 855 1101
8 -250 =57 1120 1468

e All particles were released at an elevation of 1,750 m above mean sea feve!

b Represents change from original x or y coordinate; a negative change in the x-direction represents a shift to the west and a negative
change in the y-direction represents a shift to the south.
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3.2 Mode!l Abstraction

The 3-D site-scale model takes significant time and computer memory to run. Consequently, an
approach was developed to reduce the FEHM model complexity while retaining the overall
characteristics of the transport simulations. The theory of micromixing (Robinson and
Viswanathan, 2003) was used to reduce complex 3-D simulations to 1-D abstractions that
recreate particle breakthrough at the compliance boundary, while retaining the ability to modify
the bulk transport properties of the subsurface for all radionuclides undergoing groundwater
transport. The development of these 1-D abstractions provided the means for incorporating the
groundwater pathway model directly into the GoldSim model that was used to project long-term
performance of the disposal facility.

To support the development of the 1-D abstractions, the FEHM model was modified so that
GoldSim controls the contaminant mass flux, the specified surface infiltration, and the bulk
transport properties {i.e., sorption parameters) used in the groundwater pathway modeling. As
implemented for the performance assessment and composite analysis, the FEHM model recreates
an approximation of the complex 3-D RTD on a simple 1,000-node, 1-D grid using the algorithm
described in Artachment IV. GoldSim calls eight separate FEHM simulations, each of which
corresponds to a waste disposal region, and passes the appropriate data to FEHM. Using these
data, FEHM calculates the mass of each radionuclide crossing the compliance boundary as a
function of time, and passes the results back to GoldSim. Details of the coupling between
GoldSim and FEHM, with information about the directory structure and examples of input
structure and code, are included in A#tachment V. Specialized codes used to create the 1-D
abstraction are described in more detail in Astachment VI.

The 1-D abstraction grid uses the advection-dispersion formulation of the transport equations
(Zyvoloski et al., 1995a) to simulate tracer movement. As explained in Attachment IV, this
allows simulation of both sorption and radioactive decay, processes that are important for
estimating the breakthrough of the multiple species that may be released into groundwater from
the pits and shafts at MDA G. ’

To mimic the instantaneous release of particles used in the 3-D simulations, many small time
steps, each with a single pulse input of tracer mass, must be used by GoldSim for the 1-D
simulations. It was found that a time step equal to one one-thousandth of the simulation period
results in convergence between the 3-D and 1-D breakthrough curves. Thus, for a 5,000-year
simulation, a GoldSim time step of 5 years is used to recreate an instantaneous release of
particles moving from the mesa top to the compliance boundary.
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4.0 Results

This section presents the results of the groundwater modeling efforts. Section 4.1 summarizes
breakthrough at the compliance boundary and Section 4.2 describes the results of well capture
simulations. The overall results obtained from the 1-D and 3-D models are compared in
Section 4.3.

4.1  Breakthrough at the Compliance Boundary

All breakthrough plots presented in this report show normalized breakthrough. Thus, the number
of particles crossing the compliance boundary during a given time interval is divided by both the
time increment and the total number of particles that reach the boundary, such that the integral of
the area under the curve is 1 for all plots. Figure 15 shows typical particle pathways through the
complex 3-D model domain for contaminants released from waste disposal region 5; pathways
are shown In the z (vertical), x (east-west), and v (north-south) directions. Results for high-
(10 mm/yr [0.39 in./yr]) and low- (0.1 mm/yr [0.039 in./yr]) infiltration cases are included.

Particles move downward from the bottom of the disposal units to the regional aquifer; as seen in
Figures 15a and 15b, the particles do not move far in the x-direction (eastward) during this
transit. Once in the aquifer, the particles move eastward toward the compliance boundary.
Because lateral transport in the vadose zone is relatively minor, any particles that cross the
boundary do so in the saturated zone. The particles appear to drop suddenly just east of the
compliance boundary because the grid spacing at this elevation creates a step in the surface of
the water table. However, all transport to the compliance boundary occurs before this step. Also,
once the particles reach the saturated zone, they travel more quickly and the extra drop in
elevation does not add significant travel time.

Figures 15c and 15d show that, for both high- and low-infiltration cases, particles are diverted to
the south within the Guaje Pumice, which lies directly over the basalt at an elevation of about
1,960 m (6,420 ft) above msl. For the low-infiltration case (Figure 15d), the particles disperse
more than 100 m (330 ft) laterally by the ume they reach the water table. The southward
spreading in the vadose zone occurs when the particles enter the water pooled at the top of the
Cerros del Rio basalt at a depth of approximately 1,960 m {6,430 ft). The particles then take a
variety of pathways following the water flow, which lead south. Once they drop through the zone
of permeability reduction, the particles travel downward to the water table then eastward to the
compliance boundary. Figures 15¢ and 15f provide a view of particle movement in both
horizontal directions (x.y) for high- and low-infiltration cases.
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Figure 16 shows conservative breakthrough curves at the complhiance boundary for particles
released from each of the eight disposal regions. The background infiltration rate for this
example 1s 0.5 mm/yr (0.2 in./yr). Waste disposal region 6, consisting of a cluster of deep shafts
located near the ecastern boundary of MDA G, has the fastest breakthrough, beginning at
5.000 years and peaking at around 1.25x 10% vears. The arrival of releases from disposal
region 1 is slightly slower, which is to be expected because of the higher elevation of the release
points within this region (Table 3). Disposal regions 5 and 8, located to the west, show much
slower breakthrough times, beginning at around 9,500 years and peaking at about 1.8 x 10*
vears. Releases from the disposal regions in the central portion of MDA G generally show
increased time to breakthrough as the distance from the compliance boundary to the disposal
region increases.

Figure 17 shows the conservative breakthrough curves for releases from the eight disposal
regions at a background infiltration rate of 10 mm/yr (0.39 in./yr); this filtration rate 1s the
upper limit of the probability distribution used for mfiltration (as shown in Figure 11). The
relative breakthrough for the different regions is similar to the situation noted above for an
infiltration rate of 0.5 mm/yr (0.2 in.fyr); however, at the higher infiltration rate, the first
breakthrough occurs for disposal region 6 in less than 500 years, with peak breakthrough at about
750 years. Travel time within the saturated zone is brief compared to travel time in the vadose
zone. Assuming an aquifer velocity of 70 m/yr (230 ft/yr), the travel time from the point at which
particles discharge to the aquifer to the compliance boundary 1s approximately 2 years.

4.1.1 Effects of Changes in Permeability and Infiltration

Figure 18 shows how interface permeability reductions affect subsurface saturations; a high
infiltration rate of 10 mm/yr (0.39 in./yr) was chosen to more clearly demonstrate the effect. The
permeability reduction at the base of unit 1g results in an increase in saturation of 10 percent in
the lower part of unit 1g, while the permeability reduction at the top of the basalt yields an
increase in saturation of only 2 percent in the lower few meters of the Otowi Member of the
Bandelier Tuff. Figure 19 shows how the reduced permeability interfaces impact conservative
tracer breakthrough at the compliance boundary for particle releases from waste disposal
regions 1 and 5 at an assumed background infiltration of 10 mm/yr (0.39 in./yr). For this figure,
the assumed infiltration rate in Pajarito Canyon 1s 100 mmv/yr (3.9 in./yr).

Interestingly, breakthrough from disposal region 1 was slightly faster at a reduced permeability.
This is because the 3-D geometry causes variable subsurface fluxes, despite an average
infiltration rate throughout the domain of 10 mm/yr (0.39 in./yr). Particles released from disposal
region 5 behaved as expected, with the reduced permeability scenario leading to a slightly
retarded breakthrough, Interface permeability reductions had fairly minor impacts on predicted
travel times and were included in all subsequent simulations.
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As seen in Figure 20, an increase in the rate of infiltration vields higher in-situ saturation. At a
net infiltration of zero, saturations beneath MDA G are below 10 percent in all units. As
infiltration increases to 10 mm/yr (0.39 in./yr), the effect of the permeability reduction at the
base of unit 1g is seen. Also, because of its material properties, the Guaje Pumice accumulates
more water as infiltration increases. The behavior seen in these simulations spans the range of in-
situ saturations reported in Birdsell et al. (1999), who also report that no single infiltration rate
can reproduce moisture content data from individual boreholes. Birdsell et al. (1999) suggest that
mesa-top infiltration has changed over time, perhaps in response to climate and rainfall changes.

Figure 21 shows the steady-state simulated surface saturation for increased Pajarito Canyon
infiltration of 6 m*/m (65 f°/ft) over a width of 60 m (200 ft) (see Section 3.1.2.1). Steady-state
saturation profiles beneath waste disposal region 5 illustrating the effect of increased annual
Pajarito Canyon infiltration of 6 m*/m (65 ft'/ft) for two different assumed background
infiltration levels are shown in Figure 22. When the rate of infiltration on the surrounding mesas
and canyons is low (0.1 mm/yr [0.0039 in./yr]), an infiltration rate of 100 mm/yr (3.9 infyr)
across a 60-m (200-ft} channel clearly affects saturations in the Guaje Pumice. However,
saturation levels change very little when the background infiltration rate in areas surrounding
Pajarito Canyon is increased to 0.5 mm/yr (0.02 m./yr).

The effect of 6 m*/m (65 ft*/ft) annual infiltration in Pajarito Canyon on breakthrough time was
evaluated under steady-state conditions for tracer particles released from waste disposal
regions 1 and 5. As shown in Figure 23, at an assumed background infiltration rate of 0.1 mm/yr
(0.0039 in./yr), the particles released from disposal regions | and 5 behaved nearly identically
with and without increased Pajarito Canyon infiltration. These results demonstrate that transport
is insensitive to increased recharge from the canyon for realistic values of Pajarito Canyon
infiltration and channel width.

Setting the Pajarito Canyon infiltration rate to 100 mm/yr (3.9 in/yr) over a 240-m (190-ft) wide
channel causes water to spread axially from the canyon when it encounters the permeability
reduction interface at the top of the basalt, forcing flow northward under MDA G. Because of
this northward component of flow in the Guaje Pumice, tracer particles migrate up to 100 m
(330 ft) northward before they pass into the basalt and down to the water table. Although this
behavior has been suggested as a possible mechanism for the transference of contaminants from
Pajarito Canyon to wells drilled under Cailada del Buey, the net effect on breakthrough at the
compliance boundary is not significant. Furthermore, because the effect of increased saturation
in the Guaje Pumice is to spread the particles laterally, it is concluded that the most conservative
numerical representation of Pajarito Canyon includes no increased infiltration. Therefore rates of
infiltration in Pajarito Canyon were assumed to be the same as the mesa-top, or background,
rates when calculating breakthrough from the waste disposal units.
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Figure 23
Effect of Pajarito Canyon Infiltration on Breakthrough
for Releases from Waste Disposal Regions 1 and §
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Figures 24, 25, and 26 show breakthrough curves for waste disposal regions 1 and 5 at the
10 infiltration rates chosen as representative of the expected range of behavior. These figures
show the curves for three time spans: 8 x 10% years, 2 x 10" years, and 5,000 years; breakthrough
curves corresponding to some of the lower infiltration rates do not fall within the shorter time
spans. As previously described, breakthrough occurs more quickly for releases on the east end of
MDA G (disposal region 1) at a given infiltration rate than for more westerly locations (disposal
region 5). Breakthrough for disposal region 5 typically takes about 1.5 times as long as for
region 1. Thus, peak breakthrough with a 0.25 mm/yr (9.8 x 107 in./yr) background infiltration
rate occurs for disposal region 1 at approximately 2 x 10% years while the corresponding peak

breakthrough for disposal region § occurs at approximately 3 x 10" years.

4.1.2 Effects of Changes in Dispersivity

Figure 27 shows model sensitivity for particles released from waste disposal region 5 for a range
of vadose-zone longitudinal dispersivities at both high- (10 mm/yr [0.39 in/yr]) and low-
(0.1 mm/yr [0.039 in./yr]) infiltration rates. Changes in longitudinal dispersivity in the vadose
zone cause little change in the peak breakthrough time for either high- or low-flow examples.
However, higher vadose-zone longitudinal dispersivities cause the width of the breakthrough
curve to increase while the peak value is decreased. This behavior is consistent with the theory of
dispersion and confirms that the model is functioning as expected (Fetter, 1999). Because
vadose-zone longitudinal dispersivity is expected to be smaller than one-tenth of the flow path
length (see discussion in Section 3.1.4.2), longitudinal dispersivity in the vadose zone was fixed
at 2m (7 ft) for all simulations. This value was chosen because it is intermediate in what 1s
considered to be a reasonable range of possible values. For a fixed vadose-zone longitudinal
dispersivity value of 2 m (7 ft), a change in the saturated zone longitudinal dispersivity from 2 m
(7 ft) to 20 m (66 fi) has little impact on breakthrough. This can be seen in Figure 27 where the
red line represents 2 m dispersivity and the red dots 20 m dispersivity.

4.2  Well Capture

The well capture simulations were used to determine both the capture zone radius and the
capture efficiency of a hypothetical nearby pumping well. Because the background gradient in
the aquifer is fairly high, the well capture simulations project relatively narrow capture zones for
the pumping rates considered. The capture radius ranged from 0.4 m (1.3 ft) for the 50 m/yr
(1,300 gal/yr) pumping rate to 5.7 m (19 ft) for a pumping rate of 2,500 m’ (6.6 x 107 galiyr).
Figure 28 shows the capture zone for a pumping rate of 1,200 m’/yr (3.2 x 10° gal/yr). Table 6
summarizes the well capture cfficiencies calculated using the 3-D particle tracer simulations.
Capture efficiency is highly dependent on the transverse dispersivity, decreasing most rapidly
between dispersivities of 0 and 2 m (0 and 6.6 f1).
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Table 6

Capture Efficiencies for Waste Disposal Regions 1 through 5 and 8

Well Pumping Rates (m3/yr)

Waste Disposal Transverse
Region Dispersivity (m) 50 600 1,200 2,500

1 0 4.1E-02 4.1E-02 4 1E-02 4.1E-02
1 1.76-03 9.9E-03 1.8E-02 3.1E-02

2 1.5E-03 9.2e-03 1.5E-02 2.8E-02

) 2.0E-03 5.3e-03 1.3E-02 2.0E-02

2 0 14E-01 1.1E-01 1.1E-01 11E-01
1 6.7E-03 2.3E-02 3.98~02 7.1E-02

2 5.3E-03 8.6E-03 2.2E-02 4.7E-02

5 7.3E-04 6.7E~03 1.2E-02 2.7E-02

3 0 3.6E-02 3.6E-02 3.6E~02 3.6E-02
1 1.2E-03 5.4E-03 9.7E-03 24E-03

2 3.1E-03 2.86~03 6.8E-03 1.4E-02

5 3.08-04 4.1E-03 4.2E-03 7.7E-03

4 0 3.6E-02 3.6E-02 3.66-02 3.66-02
1 5.6E-04 5.0E-03 5.9e-03 1.7E-02

2 0.0E+(0 = 1.6E-03 5.5E-03 1.1E-02

5 2.6E-04 2.1E-03 27E-03 4.82-03

5 0 58E-02 5.8E-02 5.8E~02 5.8E-02
1 1.56-03 g.2E-03 9.38-03 1.9E-02

2 5.8E-04 2.0E-03 5.5E-03 1.36-02

5 2.86-04 2.2E-03 1.4E-03 3.9E-03

10 0.0E+00 = 2.8E-04 8.3E~04 2.7E-03

8 0 2.7E-02 2.7E-02 3.2E-02 8.1E-02
1 1.78-03 7.38-03 8.0E-03 2.1E-02

2 0.0E+00 2 4.1E-03 4 9E-03 1.26~02

5 2.6E-04 1.36-03 3.8E-03 5.1E-03

10 2.5E-04 1.3E-03 1.86-03 2.38-03

# No particles were captured under the indicated conditions.
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The capture efficiencies estimated for the waste disposal regions are expected to be conservative.
As discussed earlier, the efficiencies for each region were estimated by aligning the maximum
particle densities with the well and then releasing the particles directly within the aquifer. This
approach does not consider the north-south spatial distribution of the different disposal regions
or the lateral spreading of contaminants at material contacts within the vadose zone. Taking these
aspects into account, it is expected that a single well would be capable of intercepting maximum
radionuclide releases from only one disposal region, capturing only fractions of the peak releases
from the other disposal regions.

43  Comparison of Three-Dimensional and One-Dimensional Breakthrough Curves

The complex 3-D model produced the breakthrough curves described in Section4.1.
Comparisons of breakthrough from the 3-D simulations and the 1-D abstractions (4ttachment IV)
show that the 1-D abstractions recreate the breakthrough curves of the complex 3-D simulations.
Although the input RTDs from the 3-D model are more finely detailed than the 1-D abstraction
RTDs, the peak breakthrough times and standard deviations are similar. Thus, simulations
performed on either grid will lead to the same conclusions.

Similarities in peak breakthrough times for releases from waste disposal regions 1 and 3 can be
seen in Figure 29. The fits between the 1-D abstraction breakthrough curves and the 3-D particie
breakthrough distributions are quite good when the sorption distribution coefficient (Kg) is low.
As the distribution coefficient increases, the scatter in the 3-D breakthrough becomes more
pronounced and the fit is not as accurate. The algorithm used to create the 1-D abstraction leads
to some smoothing of the scattered data and approximations of the shape and peak value of the
3-D data. Although the fits appear less good at longer times, these times fall well beyond the
1,000-year compliance period and the approximate fit is acceptable for the analysis. More
importantly, the 1-D and 3-D results for times less than 5,000 years match well and provide
confidence that the 1-D abstraction retains the information embedded in the 3-D model. Results
for the low end of the infiltration distribution or for higher distribution coefficients were not
included because the breakthrough times are quite long for these cases and lie well beyond the

compliance period.
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TA-B4, Plan for Screen Isolation/Abandonment and Danny /3012007 Lisa C Jutie
Sampling System Replacement Katzman
S-Site Aggregate Area IWP(STIP} Investigation John Kim Birdsall 9/30/2007 LisaC Julie/Carrie
Work Plan McCann Northwind
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Consent Order Deliverables

{All Order deliverables must meet DOE Document Project
Perf Measures) Type Leader Author Due Date Editor Compositor
S-Site Aggregate Area HIR (STIP) Historical John Kim Birdsall 9/30/2007 Susan Julie/Carrie
Investigation McCann Northwind
Report
Non-NES Sites TA-49 — IWP (STIP) Investigation John Northwind/ 10/31/2007 Meena Julie/Carrie
Work Plan McCann Apogen Ken
Kisiel/Leslie
Dale
Non-NES Sites TA-49 — HIR (STIP) Historical John Northwind/ 10/31/2007 Susan Julie/Carrie
Investigation McCann Apogen Ken
Report Kisiel/Terry
Jennings
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