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SIMULATIONS OF GROUNDWATER FLOW AND
RADIONUCLIDE TRANSPORT IN THE VADOSE AND
SATURATED ZONES BENEATH AREA G.

LOS ALAMOS NATIONAL LABORATORY

bv

Kay H. Birdsell. Kathleen M. Bower,
Andrew V. Wolfsberg, Wendy E. Soll,
Terry A. Cherry. and Tade W. Orr

ABSTRACT

Numerical simulatons are used to predict the migration of radionuclides from the
disposal units at Material Disposal Area G through the vadose zone and into the
main aquifer in support of a radiclogical performance assessment and composite
analysis for the site. The ¢alculations are performed with the finite element ¢ode.
FEHM. The transport of nuclides through the vadose zone is computed using a
three-dimensional model that describes the complex mesa top geology of the site.
The model incorporates the positions and inventories of thirty-four disposal pits
and four shaft fields located at Area G as well as those of proposed future pits and
shafts, Only three nuclides, C-14, Te-99, and 1-129, proved to be of concem for the
groundwater pathway over a 10,000-year period. The spatial and temporal flux of
these three nuclides from the vadose zone is applied as a source term for the
thres-dimensional saturated zone model of the main aquifer that underlies the site.
The movement of these nuclides in the aquifer to a downstream location is calculated,
and aquifer concentrations are converted to doses. Doses related to aquifer
concentrations are six or more orders of magnitude lower than allowable Department
of Energy performance objectives for low-level radioactive waste sites.

Numerical studies were used to better understand vadose-zone flow through the dry
mesa-top environment at Area G. These studies helped define the final model used
to mode! flow and transport through the vadose zone. The study of transient
percolation indicates that a steady flow vadose-zone model is adequate for computing
contaminant flux to the aquifer. The fracture flow studies and the investigation of
the effect of basalt and pumice properties helped us define appropriate hydrologic

properties for the modeling. Finally, the evaporation study helped to justfy low
infiltraton rates.
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1 INTRODUCTION

Transport calculatons are used to predict the long-term migration rates of water-soluble radionuclides
and nonradiological constituents at Material Disposal Area G (MDA G) at Los Alamos National
Laboratory (LANL) to the main aquifer that underlies the site. The calculations support a radiological
performance assessment (PA) and composite analvsis (CA) for this low-level radicactive solid
waste (LLW) site (Hollis et al., 1997) as well as a site assessment of metals migration. The PA
considers those wastes buried since September 1988, and those projected to be buried through
facility closure, which is projected to be in 2044, The CA considers all radioactive wastes buried at
the site since its inception in 1957 through fucility closure. The distinction of these wastes is driven
by regulatorv considerations as described in the formal Area G PA/CA (Hollis et al.. 1997). The
calculations span a 10,000-veur time period in order to predict trunsport to the aquifer for the
required 1,000-vear compliance period along with a 10,000-year uncertanty period. We examine
the flow behawior of the site in order to predict radionuchde migration from the site through the
vadose or unsaturuted zone and into the main aquifer that underlies Ares G. All caleulations presented
in this report are run with the finite element code FEHM (Zyvoloski, 1995). which simulates fluid
flow, heat transport, and contamunant transport through porous and fractured media.

Before the vadose-zone calculations are performed, we study some of the factors that complhicate
the prediction of flow and transport in the vadose zone (Scction 2.0 of this report). These factors
include (1) uncerwinties in hyvdrologic properties for the deeper vadose-zone units (Section 2.1),

2) the effects of transient percolation through the mesa top, including the disposal pits (Section
2.2), (3) the effects of infiltration into fractures (Section 2.3), and (4) the effects of evaporation
from the mesa sides, fractures and surge beds (Section 2.4). These studies helped to determine
(1) the hydrologic properties that are used for the final vadose-zone flow ind transport calculations,

2) that a steadv-flow model is adequate to perform the PA/CA simulations, (3) that transport through
fractures huas a minimal effect on the caleulation of flux to the saturated zone. and (4) that evaporative
cffects can reasonably account for the low moisture content observed in the mesa-top units at the
site and justity a small infiltration value. These results support the subsequent assumptions used for
predictions of flow and transport of radionuclides through the vadose zone.

The transport calculations are performed in two parts. In Section 3, we compute the transport of
nuchdes und nonradiological metals through the vadose zone using a three-dimensional model that
deseribes the complex mesa-top geology of the site, Infiltranon 1s assumed to be steady, although
the mesa top and two canyons that border Area G receive ditferent infiltration rates. Results fora
base-case flow field are compared 1o those for some varianons on the flow ficld as part of an
uncertainty analysis. The model incorporates the position and inventonies of nuclides from the
thirty-four disposal pits and four shaft fields already located at Area G along with those of four
future pits and another shaft field. Two pathwayvs are considered. One is downward migration through
the vadose zone to the aquifer. The other is lateral migration to the mesa sides, deposition inta the
nearby canyon, and subsequent migration through the vadose zone to the aquiter. In these simulations,
only three nuchdes, C-14. I- 129, and T, reach the water table by either of the two pathways duning
the 10,000-year period considered in this study. These nuclides are nonsorbing. The remainder of
the nuclides have distribution coefficients that retard their migration so that they remain within the
vadose zone for a period greater than 10,000 vears. Time and spatially dependent results for the




flux of the three nuclides from the vadose zone feed the saturated-zone model. The transport of
nonradioactive metals ts calculated through a series of generic simulations that are used to determine
the threshold sorption coefficients that result in breakthrough to the water table.

In Section 4, the continued migration of nuclides into the main aquifer is calculated again using a
three-dimensional. steadv-flow model. This model has a simple configuration but maintains the
spatal and temporal distribution of nuclide tlux from the vadose zone. Preliminary results for the
PA and CA dose assessments are made. Simulated doses related to aquifer concentrations are several
orders of magnitude smaller than DOE performance objectives for LLW sites. In Section 5, we
discuss the uncertainties associated with the predictions presented in this report. Finally, the
conclusions are summarized in Section 6,

2 STUDIES OF SPECIFIC FLOW PROCESSES

2.1  ADDITION OF DEEPER VADOSE-ZONE UNITS
213 Introduction and Problem Description

This introduction summarizes a previous work (Birdsell et al., 1995) in order to explain the need
for adding detail to the mode! of the deep, vadose-zone hvdrologic units. To choose appropriate
infiltration rates for Area G, simulated saturation profiles for a number of different infiltrution rates
were compared 10 site tield dam. The study used a two-dimensional cross section defined by Krier
(Krier et al.. 1996) as shown in Figure 2.1-1. We assumed steady infiltration along the mesa top.
Several infiitration rates were applied uniformly over the top of the mesa as shown in
Figure 2.1-1: 1.0 em/yr, 0.1 em/vr, 0.01 cmy/vr. 0.001 cm/vr, and 0.0 cm/yr.
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Figure, 2.1-1. Cross section of western MDA G (based on Krieret
al., 1996) used for the two-dimensional simulations.

Evaporation and runoff from the mesa top were indirectly accounted for in the assumed low
infiltration rates that are much lower than the average precipitation rate measured at MDA G,
35.6 cm/yr (Bowen, 1990). Mean hydrologic properties (Krier et. al, 1995) were assigned from
Units 2 down through the Otowi Member. These properties are shown in Section 2.1.2. Oniginally,
hydrologic properties for the Otowi Member were assigned 10 the Guaje Pumice. the Cerros del Rio
basalts, and the Puye Conglomerate because no information was available for those units.

Figure 2.1-2 shows calculated steady-state saturation profiles at the center of the mesa for the five
infiltration rates discussed above. The measured in situ saturation data are also shown. The simulation
results are compared to saturation data from Unit 2 down through the Otowi Member. Here we see
that the shape of the curves mimic the shape of the data (e.g.. saturations decrease from Unit 210




Unit 1v-u and then increase again in Unit Lv—c, etc.). However, no single infiltration rate fits through
the entire set of saturation data, Results for the lowest infiltration rates (0.001 and 0.0 em/yr) most
closely match the site saturation data in Units 2 and 1v-u, the two mesa-top units. Higher infiltration
rates (0.1 and 0.01 cm/yr) are needed to match the saturation data from Units 1v-¢ and 13, and an
even higher rate ( ~1 cv/yr) is needed to match the data in the Cerro Toledo and Otowi Member.
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Figure 2.1-2. 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 cross section.

In the current study, we build upon the previous study by assigning hydrologic properties to the
three deepest vadose-zone units, the Guaje Pumice, the Cerros del Rio Basalt, and the Puye
Conglomerate. to test the effect of the addition of these lavers on flow (specifically, its effect on the
. calculated saturation in the Otowi Member) and on transport at the site. This addition was suggested
by a Deparunent of Energy (DOE) Peer Review Committee (Hollis et al.. 1997) after reviewing 2
previous draft of the PA.

212 Hydrologic Properties and Their Effects

As mentioned above, the mean hydrologic properties supplied by Krier et al. (1996) are used for
Units 2 down through the Otowi Member. Unsaturated hydrologic parameters for a single core ot
Guaje pumice were measured and added to the model. These properties, as well as those used for
the deeper units, are given in Table 2.1-1. In addition, estimates of ir sirz saturation in the Guaje
Pumice bed are now available. Gravimetric moisture measured for samples from the Gauje Pumice
bed in wells 54-1015 and 54-1016 (Krier, personal communication, 1996) range from 13.7% to
28.3%. Using a bulk density and porosity measured on a different sample (Springer, pcrsonal
communication, 1996). this converts to saturations ranging from 0.17 to 0.34.




Table 21-1. Hvdrologic properties
Unit Raat (em/s) porosity van Genuchten
B (cm)hn
Unnt 22 427x10% 0.481 0.013, 0.0060, 1.850
Unit 1v-u? 1.48x 10 0517 0.002, 0.0030. 1.952
Unit 1v-c? 1.67x 10 0509 0.009 0.0033,1.647
Unit 1g® 1.88 x 107 0480 0.006, 0.0053, 1.748
Cerro Tolkdo? 8.65x 10 0473 0.008, 0.0152, 1506
Otowi Member® 2.49x 10= 0435 0.0188, 0.0059,1.713
Guaje Pumiceb 1.5x 10 0.667 0.0, 0.00081,4.026+
Puye Formationde 4.6x1073 025 0.035,0.135, 268
Cerros del Rio basalts® 9.7x 104 0228 0.015, 0.0384, 1474
(matrix only)
Cemros del Riobasalts® | 9.7x 105 | 1x10% | 6.6x 10000384, 1.474
(fracture propertes) 9.7x 10° 1x10% | 3.0x 10%,0,0384, 1.474
(equivalent continuum)
aMean values from Krier et. al, 1996, BE. Springer (personal communication, 1996),
cBishop (1991), 4Purtymun (19843), *Carsel and Parrish (1988).

Very little hvdrologic data are available for the Cerros del Rio Basalts or for the Puye Conglomerate.
Samples collected from the basalts display wide vaniability (Turin, 1995) ranging from extremely
dense with no apparent porosity, to highly fractured, 1o vesicular so as to appear foamy. This variability
leads to large uncertainty in calculating flow and transport through this unit because, without further
charactenzation, we cannot predict whether the hyvdrologic properties of the marrix or of the fractures
control water flow in this unit.

Our method for modeling the basalt has evolved as our understanding of the systern sensitivity to
this unit’s properties has increased. Originally, the basalt was modeled as an intact matrix matenal
with properties based on analysis of a vesicular basalt Jocated beneath Idaho National Engineening
Laboratory (Bishop, 1991) (Table 2.2-1, marrix only). The air entry pressure, l/a, for the matrix
basalt material is significantly greater than for the overlying pumice in our study. Also, the saturated
hydraulic conductivity is slightly lower. These two fuctors lead to significant lateral flow in the
overlying pumice bed that yields high pumice saturations and increased saturation in the Otowi
Member as shown in Figure 2.1-3, The saturation in the Guaje Pumice bed reaches u value of 0.8,
which is significantly higher than the data suggest.
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saturation profiles at ! mm/yr using various hydrologic properties
for the Guaje Pumice and the Cerros del Rio Basalts. Calculated
profiles are located at the senter of the cross section,

In the two-dimensional cross section (Figure 2.1-1), the water flows downdip through the pumice
bed untl it encounters water entering from Pajarito Canyon where it is diverted vertically. The
position of this diversion is highly sensitive to the infiltration rates through the mesa top and in the
two canvons. Figure 2.1-4 shows results for particle tracking calculations performed on the
two-dimensional cross section. In Figure 2.1-4(a), particles released from the center of the mesa
travel vertically to the Guaje Pumice, then downdip laterally in the pumice bed. Their lateral
movement ceases, and they move vertically again when they encounter the etfects of flow coming
in from Pajarito Canyon. This is demonstrated in Figure 2.1-4(b) where particles are released in
Pajarito Canyon as well as from the mesa top using the same flow field. The particles from the
canyon travel vertically and laterally to the location where the mesa top particles stop traveling
laterally, thus indicating the divide for the water coming from the two source locations. All of the
particles are forced downward at the location where the mesa top and canyon flow ficlds merge,
The no-flow side boundary plays an important role in this result. Figure 2.1-3(c). to be discussed
later, shows the effects on particle transport when the fracture permeability of the basalts is increased.
In: the three-dimensional model of the site, the pumice bed dips toward the southwest. Simulated
flow runs laterally toward the southwest end of the grid where it is diverted downward along the
no-flow western boundary. This is demonstrated with the plume shown in Figure 2.1.-5(a).
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Because the lateral tlow in both the two- and three -dimensionid simulations is so strongly controlled
by the no-flow side boundary conditions. the behavior is considered to be unsausfactorv. Our
uncertainty about the flow field in these two lavers prompied 2 sensitivity study pertormed by Sofl
(Birdsell et al., 1997, Appendix A ). The studv considered a three-lavered system consisting of the
Otowi Member, the Guaje Pumice, and the Cerros del Rio Basalt. Various system characteristics
were varied. such as the thickness, slope, and hyvdraulic conductivity of the pumice bed and the
hydraulic conductivity of the basalt laver to determine which factors most strongly atfect lateral
flow in the pumice bed. The simulations show that the basalt conductivity has the strongest influence
on lateral flow. With the matrix properties shown in Table 2.2-1, the busalt acts as a barrier, thus
diverting flow laterally in the overlying pumice bed. By increasing the basalt conductivity or adding
fracture characteristics, tluid can more readilv enter the basalt, thus mimmizing the diversion.
Sensitivities to the thickness, slope, and conductivity of the pumice layer were secondary.

We expec: that dense, untractured basalt acts as a barner that promotes lateral tlow in the pumuce
bed in some places. although fractured basalt acts as a conduit for fast vertical flow in others, but
the spatial distribution of basalt properties at this ~ite 1s unknown. There is probably some lateral
mansport in the Guaje Pumice bed with a corresponding increase in the saturation of the overlving
Otowi Member. However, this is a conceptualization and cannot be quantified with available dat
Therefore, we have chosen to assign equivalent continuum properties that are dominated by tracture
flow to the basalt. This modification leads to fast travel times through the basalt and eliminates
lateral flow in the pumice laver, thus resulting in conservative ransport results. However, as shown
in Figure 2.1-3, this also yields pumice saturations that are lower than the measured values and
decreases the calculated saturation in the Otowi Member. The matrix only and equivalent continuum
curves shown in Figure 2.1-3 represent the end members tor flow regimes in these deeper units: the
basalt acting as a barrier to flow and the basalt acting as 2 conduit. Because the pumice saturation
lies between these two end members, our hypothesis that the behavior of the basalt lies between
these two extremes is supported.




Figure 2.1<. Simulated solute pathways for the two-dimensional cross section
shown in Figure 2.1-1, (a) particle release only at mesa top, matrix-
type basalt properties, (b) particle release at mesa top and canyon
tloor, matrix-tvpe basalt properties, (¢) particle releuse ar mesa top.,
fracture-type basalt properties,
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Figure 2,1-5. Contaminant plume (a) with and (b) without lateral tlow along the Guaje Pumice
Bed. :




In orderto obtain the tast basalt travel imes, we conservatively treat the basalts as 2 system dominated
by vertical fracture flow. This is done by modeling the basalt as an equivalent-continuum mcdium,
(Table 2.2-1, equivalent conrinuwm) made up of both fractures and matrix material (Klavetter and
Peters, 1986). Matrix properties are derived from the analogue basalts in Idaho (Bishop, 1991).
Fracture properties are chosen so that no lateral diversion occurs at the top of thebasalts, even it the
tflow exceeds the matrix, saturated hvdraulic conductivity. Then, because it is not Known under
which conditions fracture flow actually initiates, matrix and fracture porosity are set equal to the
fracture volume fraction, L0, to ensure rapid transport of one to five vears through this unic, hence
forgoing any retardation due to matrix {low or sorption. This treatment ot transport through the
basalt yields a conservative PA result (e.g., taster groundwater travel times and higher peak doses
than actually expected). The basalts are also assumed to be nonsorbing, consistent with the assumption
of rapid ansport through this unit. Figures 2, 1-4.(c) and 2.1-5.(b) respectively show the resulting
two-dimensional particle tracking protiie and a three-dimensional plume using these modified basalt
properties. Figure 2.1-6 shows tlux-versus-time curves at the water table for the two plumes in
Figure 2.1-5. The dose assessment considers saturated-zone concentrations at a location 100 meters
down gradient from the Area G tence line, as is discussed further in Section 4.3.3. That location is
eastof Area G. As shown in Figure 2. 1.5, the plume that travels downward lies ¢loser to the castern
end of Area G. This plume would reach the monitoring point more quickly and undergo less dilution
and dispersion than the plume that flows laterally toward the west along the unsaturated pumice
bed. The usc of the equivalent-continuum basalt properties is therefore a good approach for handling
the uncertainty associated with this unit’s properties.

Adding additional conservatism to the model, the porosity of 10™ may be up to two orders of
magnitude lower than the tracture porosity of the Cerros del Rio basalts (Rogers, personal
communication, 1996), leading to simulated ground water travel times up to 100 times faster than
might actually occur tn this unit. With better characterization of the Cerros del Rio basalts, less-
conservative travel times could be simulated in which solute retarding processes of matrix flow and
transport, diffusion from fractures to matrix matenal, and lateral diversion at the pumice/basalt
intertace are incorporated in the model.
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Figure 2.1-6. Flux-versus-time curves at the water table for the plumes shown
in Figure 2,1-5, The equivalent continuum basalt properties vield
MOre conservative transport results,

Although hydrologic properties for the Puve Conglomerute are unknown, we expect flow through
this unit to be similar to that through coarse sund. Therefore, we estimate properties that lead to a
conservative (faster thun expected) travel time through the Puye Conglomerate that is not virtually
instantaneous, as it is in the basalts, The layer is modeled as a coarse sand (Carse] and Parrish,
1988) wita the porosity reduced by 60% (from 0.43 to 0.25) to account for cobbles and gravel that
reduce the available pore space,

22  EFFECTS OF TRANSIENT PERCOLATION

The near-surface moisture balance in the mesa tops on the Pajarito Plateau is controlled by alternating
periods of episodic infilradon and normal drving cycles (Rogers et al.. 1997, Turin et al., 1993).
Results presented by Springer (1996) indicate that such episodic events lead to transient percolation
rates through the disposal pits at Area G. In this section, the system response to transient flow is
estimated by applying transient percolation rates to the pits as well as to the undisturbed. upper
surface of the mesa., The effects of the transients on the saturation distribution throughout the mesa
and on radionuclide transport to the base of the Otowi Member are examined with these simulations.
The value of such calculations is to evaluate the efficacy of the steady-state assumption against the
trunsient conditions. Namely, these calculations serve to investigate whether the steady-flow
approximation conservatively predicts contaminant transport rates even though moisture actually
enters the system episodically.




An assumption of this study is that if fluctuations in flow arc damped at depth and if cumulative
contaminant flux for the tansient runs is similar to that for the steady-tlow run, then the subsequent
dose calculated from the transient tlow and steady-flow simulations will be similar. The purpose is
to determine whether the transient and steady results are essentially the same. If the results prove 10
be similar, then steady-flow simulations can be run (o address compliance issues. Use of a steady
flow field for these simulations is desirable because the time step size for the transient-{low runs is
limited by the vearly or possibly daily fluctuations in the flow field. This time step limitation makes
the transient tlow suns far more computationally intensive than the steady-flow runs. As a result, it
would prove difficult to complete the entire suite of simulations required for the Area G PA using
ansient flow fields.

221 Modcling Approach

In order to study the effects of transient percolation on flow and transport at Area G, a number of
transient-tlow simulations are run, and the results are compared to those for a steady-flow simulation
that uses the average percolation rate. Moisture profiles at various depths and solute transport rates
are compared. C-14 is one of the fastest moving nuclides because it is nonsorbing, Cumulative
breakthrough 1o the Guaje Pumice for this nuclide under steady- and transient-flow conditions is
calculated. The simulations are performed for S000 years, which proved to be a long enough time
period for saturations to dampen at depth and for the cumulative breakthrough curves to level out.

The computational grid for these studies is also based on the north-south, two-dimensional cross
section of Krieret al. (1996) shown in Figure 2.1-1. This study also uses the hydrologic properties
shown in Table 2.1-1 with the “matrix only™ properties for the Cerros del Rio Basalts, The ¢alculations
were performed before the choice of the equivalent continuum basalt propertics for the final vadose-
zone flow model, as described in Section 2.1.2. However, the basalt properties. are not of great
importance here because the analysis is based on breakthrough at the top of the Guaje Pumice bed.
Theextenstive lateral flow in the pumice laver that occurs for the given pumice and basalt properties.
complicates the interpretation of breakthrough to the deeper layers orto the water table. If contuminant
fluxes compare well at this horizon, they should compare well at deeper horizons.

In this study. it ts assumed that fracture flow is not induced, even during high flow years, because
sustained high flow rates would be required to increase the very low saturations at the site to near-
saturated conditons. Therefore, fracture propertes are not considered. Orr has further studied this
issuc through some one-dimensional modeling (Birdsell et al., 1997, Appendix B). The study looks
at steady and transient flow through this same system using a dual permeability approach (Zyvoloski,
1995) that accounts for fractures in the two upper units (Unit 2 and Unit Iv-u). With these studies,
we find that groundwater travel times to the top of the basalt layer through the fractured system do
not vary by more than 100 years from the unfractured system, even when applying transient
infiltration rates. Therefore, the two-dimensional calculations are performed with matrix-only

propertics.

14




Although the mamx-only properties may seem to misrepresent the svstem and limit the study,
many studies performed for the Yucca Mounizun Site Characterization Project (Klavetter and Peters,
1984; Warng and Nansimhan, 1987; Montazar and Wilson, 1984) indicate that high threshold matnx
saturations (often close to full saturation) are required before the mduction of fracture flow in
voleanic tuffs. With in situ saturations gencrally less than 10% in the upper two units of the mesa,
which are the only highly fractured tuft units, it seems unhkely that transient pulses would elevate
matnx satarattons high enough to reach the threshold values. Also, sirnulanon results for flow in 2
single fracture indicate that extremely high flow rates or ponded conditions are required to sustain
fracture flow in the Bandelier Tuff (Soll and Birdsell. 1998). This study also concluded that water
flowing from unsaturated crushed tuff into fractured tutf, as is the case of water tlowing through the
disposal units, is unhikely to induce fracture flow.

The system starts with an inital saturation d:stribution that results from long-term steady mfiltration
at 1 mm/yr apphied uniformly over the top of the mesa. The simulation is then modified to include
the tive disposal pits shown in Figure 2.2-1. Transient percolation, with an average of 5.5 mm/vr
into the disposal units and un average of 1 mm/vr over the undisturbed mesu top. 1s applied to the
previous steady flow field. The steady runs use a flow tield that has equilibrated with the
5.5-mm/yr pit infiltration rate and the 1.0-mm/yr infiltration rate for the undisturbed mesa top.

Intiftration Region

average 5.5 mmiyr
S-SW Pajartto 'l v l ' lv

average N-NE
v ' 1 mmyr

Canyon v

at0.8 .

saturation ~ Canaca del
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Figure 2..1-1. Two-dimensional cross section used for numeriocalsimulations, modified to
indicate five waste disposal pits.




The transient realizations of percolation were determined by the water balance algorithm from the
SPUR model (Wight and Skiles, 1987). Precipitation input used a stochastic weather generator
with precipitation parameters derived from the Los Alamos gauge at TA-6 (just soutn of TA-59).
The average annual precipitation at TA-6 is approximately $57.2 mm (18 in.) as opposed to the
355.6 mm (14 in.) average annual precipitation at Arca G (Bowen, 1990). The pit hud a depth of
152 m (50 tr.). The upper 0.1 m was topsoil, and the remaining depth was crushed Bandelier Tuff.
A plant rooting depth of 0.457 m (18 in.) was assumed. The percolation response was estirnated by
performing 100 simulatons that were 10,000 vears long using the stochastic weather generator to
provide input. More details on the model and the parameters are available in Springer (1996).

Each realization of pit percolation extends for 10,000 vears and has an average percolation rate
close 10 5.5 mm/vrwith most vears (approximately 72% to 752) having no net percolation. Maximum
annual percolation rates are near 100 mm/vr. A vearly transient was applied to the upper surfaces of
the pits. A similar transient percolation rate, but of decreased magnitude to average 1 mm/yr, was
applied to the undisturbed mesa-top infiltration regions. Only four of the one hundred realizations
were actually run: Cases 1.2, 6, and 17. Springer suggested Cases 6 and 17. Case 6 has ten consecutive
vears of nonzero flow, and Case 17 has the highest number of vears with nonzero flow. Some
stagstics for these four cases are given in Table 2.2-1. The statistics apply for 5.000 years rather
than the full 10,000 years because that is the duration over which these transient studies were
performed.

Transport parameters are required for the caleulations of C-14 migration. Recent studies by Conca
(1992) show that the diffusion coefficient decreases with decreasing saturation. The diffusion
coefficient was modeled in this fashion and decreases parabolically from 10-? m</s at full moisture
to 10-15 m%/s at a moisture content of 0.001. The dispersivity is 1 m in the vertical direction and
0.1 m in the honzontal direction.

222 Traasierst Flow Results

Simulated sawratons at tour locations are examined for 3000 years in order to understand the
propagation of ansient infilzation through the mesa. These locations represent (1) the top of
Unit 1v-u, (2) the top of Unit Lv-¢, (3) the top of Unit 1g, and (4) the base of the Otowi Member, as
shown in Figure 2.2-1. The time dependent saturation plots are given in Figure 2.2-2.

Recall that for the transient calculations, the initial flow field is the result of a steady 1-mm/vr
infiltration rate. At each horizon, we can see the saturation front (caused by the higher pit infiltration
rate) arrive. There is scatter on the order of 200 years for the arrival time of this front at each
horizon due to vartations in the applied transient infiltration rate, Case 1 has an average infiltration
rate near 10 mm/yr for the first 100 vears, which is retlected in the early arrival ime of the saturation
front at the various depths for this case. Distinct transient responses in saturation are secn for the
three more-shallow locations with fluctuations of less than 3%. However, these fluctuations are
damped near the base of the Otowi Member, which is directly above our contaminant flux monitoring
horizon. Once the initial front has arrived at each level, the mean saturation for cach transient
simulation is very close to the mear for the steady simulation. The steady simulation has equilibrated
with the pit infiltration rate of 5.5 mm/vr; therefore, the arrival of the saturation front is absent in
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the steady solution, As shown in Table 2.2-1, Case 17 hus the highest average flow (5.81 mmJ/vr),
and Cuase 2 has the lowest average flow (5.27 mmy/vr). This is reflected as slightly higher and lower
average saturations, respectively, as seen in Figure 2.2-2.

The percolation estimates used in these simulations are intentionally conservative (high). Actual
percolation rates are expected to be lower bused on lower precipitation rates and deeper rooting
depths. Springer’s (1996) base-cuse pit percolation estimate has evolved us more data have become
availuble. His current estimate of the mean pit percolation rute is 0.99 mm/yr based on a
1-m rooting depth. In a previous study (Birdsell et al., 1995) the effects of applying various single
S-year pulses 1o various steady tlow ficlds were examined for this same cross section. That study
showed that with a lower background tlow rate (0.01 mm/yr), damping of an increased flow pulse
(10 mm/yr) occurred at higher elevations within the mesa top than for the same pulse applied to a
1-mm/yr steady flow field. This implies that transient pulses should dampen at higher elevations
for lower (more realistic) percolation estimates for the site.

Table 2.2-1. Statisties of pit percolation over the first 5,000 years used for
transicnt simulations,

Case 1 Casel Casc 6 Case17
Average pit 5.9 5.27 5.50 3.81
percolation rate
(mm/ivr)
Maximum pit 99.2 88.1 90.8 1054
percolation rate
(iamhT)
Percentage of vears 26.4% 26.1% 26.4% 27.4%
with nonzero
percolation
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223 Transient Transport Results

Figure 2.2-3 shows the source term for the flux of iquid-phase C-14 from the waste package to the
disposal units. Tt assumes that the steady flow rate of 4 mm/yr calculated to be passing through the
disposal unit (Springer. 1995) is also the percolation rute through the waste package (Vold ex al.,
1996). We: assume this is an adequate representation of the source for these calculations because the
water velocity through individual waste packages is unknown and expected to be highly vanable,
Nearly the entire C-14 inventory (99%) is released over an 80-year period. If the source term were
recalculated to account for the higher percolation rate, this mass would be released over a shorter
dme frame of approximately 60 years because the release is proportional 1o the rano of the flow
rates, In either cuse, most of the mass is released from the waste packages over 2 ume frame that is
short com:pared to the simulation time. The {lux of C-14 {rom the disposal units (pits) 1s dependent
on the water velocity through the pits and s calculated self-consistently with respect to the transient
infilration in the simulations, Solubility-limited species such as uranium may have significantly
higher fluxes from the waste to the disposal unit when the water flow rate is high, but these species
have long trave! times (Birdsell et al., 1995) compured to the 10,000-yr uncertainty period.
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Figure 2.2-3.  Source term for the C-14 decay chain based on a pit infiltration rate of
4 mm/yr,

Figure 2.2-% shows the C-14 cumulative breakthrough curves for the steady-flow case and the four
transient-flow cases, These curves represent the total number of moles that have reached the Guaje
Pumice (see Figure 2.2-1), There is some scatter in the arrival of mass to the Guaje Pumnice, but the
curves converge, Table 2.2-2 shows values for time of first armival at the pumice layer (taken as 1%
of the totil moles at 5,000 vears) and for the total moles to reach the pumice at 5,000 vears. The
carliest breakthrough occurs for the steady-flow simulation because the flow field 1s in equilibrium
with the higher pit infiltration rate. The first breakthrough for Case 1 precedes the other transient
cases becuuse it has 4 higher average flow rate for the first 100 years. The greatest cumulanve flux
at 1,000 vears is for the steady-flow case because the flow field has already equilibrated with the
higher pit. percolation rate. The cumulative moles reaching the pumice layer at 5,000 years for the
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transient simulations agree within 3% to that calculated for the steady-flow case, with the
steady-flow case having the highest value. The steady solution provides a conservative estimate for
both the ame of first arrival and for the cumulative breakthrough. From a performance standpoint,
all of the simulations behave similarly, and the overall agreement is considered to be very good.
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Figure 2.2-4. Cumuiative breakthrough curve for C-14 to the Guaje Pumice for four transient
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infiltration simulations and one steady intiltration simulation.

Tabie 2.2-2. Comparison of C-14 arrival imesand peak
concentrations for the steadv and four transient flow simulations.
Case First Arrival(yr) | Cumulative Moles to Pumice at
5,000 yr
Steady 300 8.05¢6
Case ! 930 7.81e6
Casel 1030 7.55¢6
Case 6 1000 7.88e6
Case 17 950 7.0%e6
20




224 Summary of Transient Results

In order to study the effects of trunsient percolation on tlow and transport at Area G, four transient
flow simulations are run, and the results arc compared to those for a steady-tlow simulation that
uses the average percolation rate. Before performing these calculations on the two-dimensional
cross sections, a set of preliminary one-dimensional calculations were performed to examune whether
fractures needed 10 be explicitly accounted for. These preliminary calculations were performed
using the dual permeability mode! that permits different fluxes in the fractures and matrix. The dual
permeability formulation is also appropniate for these scoping calculations related to the effect of
transient percoiation because it does not force capillary pressure equilibrium between the matnx
and fracture material. The results of these dual-permeability, transient-flow scoping calculations
show that flow and transport in the upper lavers of this system tend to remain in the matix material.
These results are, of course, strongly related to the choice of the fracture charactenstics. which are
derived from the parallel plate theory of fracture flow. Simulations of steady-state and trunsient
percolation with and without the dual-permeability, formulation all yielded approxsmately the same
tavel imes,

The investigation of transient percolation flux was extended to the two-dimensional cross section.
For these calculations, the mutnix, hydrologic properties were used, thereby neglecting rapid wansport
in fractures. Moisture profiles at various depths are compared. The simulations show that fluctuations
in infiltration produce distinct responses in saturation (less than 3%) through Unit 1g that dampen
at the base of the Otowi Member. Damping would presumably continue as the water percolates
through the deeper units toward the water table.

Transport of C-14 is modeled along with the transient flow in the two-dimensional svstem. The
steady-flow solution provides a conservative estimate for both the time of first arrival and for the
cumulative breakthrough of the C-14. From u performance stundpoint, all of the simulations behave
similarly, and the overall agreement is considered to be very good. The simulations are for a
conservative radionuclide and are based on un averuge percolation rate that is thought to be quite
high for this site. Higher sorption coefficients delay the amrival ime of the contaminant but vield
results having similar spread in arrival time. Lower percolation rates are expected to produce results
with even better agreement.

The one- und two-dimensional modeling of transient and steady stute percolation with or without
the dual permeabulity formulation support the use of matnx properties and the steady-flow assumpton
when calculating rudionuclide transport at Area G. However, the investigation of the role of fructures
was limited in scope to a set of characteristic curves based on the theoretical parallel plate fracture
modcl. We must point out that other than the deep busalt, only the upper two geologic umits, Unit 2
and Unit 1v-u, are considered to be significantly fractured. The disposal pits are excavated through
Unit 2; therefore. waste cun only really travel in fractures through Unit 1v-u until it reaches the
basalt. These studies hiave shown that the matrix material damps transient pulses. Even if transient
pulses propugate through the fractures in Unit 1v-u, the tuff units below will most likely anenuate
them. Additional support tfor our conceptual model of very little sustained fracture flow is further
supported with the study of flow in a single fracture that is described in the following section.




23 FRACTUREFLOW

231 Single Fracture Modelinge

We have performed another study using FEHM to analyze the influence of different characteristics
of 2 fractured system on the movement of fluids in the subsurface. The study focuses on conditions
that are relevant to our local svstem, particularly the influence of fracture coatings and fracture fills
on infiltration of water, and on the extent of matrix-tracture communication. Soll and Birdsell
(1998) and Soli (1995) describe this work in full, but the results are summarized here as they
perin to the development of the flow model for MDA G.

In an atempt to isolate behaviors, we have chosen a system thatis a single vertical fracture centered
in an otherwise unitorm block of matrix (Figure 2.3-1). There are four parts of the system: the
matix, the fracture, the fracture coating, and the fracrure fill. The matrix characteristics represent
Bandelier Tuff properties from Mesita Del Buey, Unit [ v-u. The fracture aperture and spacings are
average values from local measurements (Krier et al., 1996). In this study, the fracture is given the
hvdrologic properties of a highly porous and highly permeable sand. This assumption allows us to
study a fractured system using 2 porous media simulator, but the results must be interpreted in
context with field observations and measurements.

The system is diseretized so that a thin coating layer can be assigned along the walls of the fracture,
For simulations that have no coating present, these elements are assigned matrix properties, thus
maintining the S-mm fracture aperture through all simulations. Fracture fill can be emplaced by
replacing the ftacture’s hvdrologic properties with fill properties for some given length of the fracture,
When present, fracture coatings and fracture fills are assigned clay parameters. We use clay
parameters from the literature because there are no values avatlable forthe local clays and caliches.
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Figure 2.3-1. Svstem configuration for fracture flow study.

Two different intflow conditions are used at the top of the fracture. One inflow condition assumes a
constant influx, at a rate of § cm/day, which we considered to be representative of an extreme event
for a sirgle day. However, this inflow rate was applied for the entire time period of the simulations,
often up to 100 days. The other inflow condition used was a ponded condition at the top of the
fracture appiied for 0.5 days, followed by removal of the source. This was effectively an infinite
source of water for 0.5 days with infiltration rates controlled by the fracture-matrix system. Both of
these irflow conditions result in an amount of water entering the system in a matter of days that far
exceeds the amount of precipitation seen at Los Alamos over a peniod of years, These extreme
conditions allow us to focus on absolute worst cases.

The most dominant observation from the simulations is that in all but the most extreme infiltration
events, fractures in the Bandelier Tuff of MDA G do not appeur to provide a *fast flow path® for
liquids. Even under extremely high infiltration events, fractures with no coatings or fills are not
able to carry liquids very far, and the invading saturation front Iooks very simularto that observed in
an unfractured system with point injecton.

We found that the effect of a coating along the walls of the fracture is dependent on the relative
conductivities of the coating and the matrix. A coating with only 2 orders of magnitude less
conductivity than that of the matrix does virtually nothing to prevent liquid in the fracture from
betng imbibed by the matrix, When there is a larper (4 orders of magnitude) reduction in conductivity
at the fracture-matrix interface, water is strongly channeled in the fracture. Any conductivity reduction
acts to spread the infiltrating front further down the matrix, allowing water 10 penctrate deeper
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during an infiltration event. However, a discontinuity in the low conductivity coating interrupts the
fast flow down the fracture. This suggests that the high capillarity of the Bandelier tff will rapidly
draw water into the martrix near any break in a fracture coating. The simulations also show that
fracture flow driven by the ponded boundary condition ceases once the source is removed.

When we consider the role of fills in affecting water infiltration, we find that fructures thatare filled

at the exposed surface of the fracture are cffective barriers to inflow into the fracture. These
observations are in agreement with Rosenberg et al. (1993). Fills below the surface are effective
barriers to continuous flow down the fracture. With no coating or only minirnal conductivity reduction
above the till, water entering the {racture is simply imbibed into the matrix and proceeds down as
martrix flow. When a continuous, low-conductivity coating is present, the waterdoes not pass beyond
the fill, and simply ponds at the surface. A fracture that ends within a unit of the Tshirege Member
orat the interface between two units will behave like a fracture that is filled at that level. The path
for the water in the fracture is eliminated, and the water must find an alternate route through the
subsurtace,

We have also run a simulation with 2 1-m “cap™ of matrix material placed across the entire
fracture-matrix system. This condigon represents the current surface cap at MDA G and the conditions
at the floor of the waste disposal pits. both of which are made up of crushed (unfractured) tff. The
matrix cap was then held at saturations ranging from $0% to-90%. In none of the simulations did
water break into the tracture, although it moved as a steady front through the remaining matix
material. These resulis are consistent with results obtained by Rosenberg et al. (1993) using a
different numerical model.

Although most of these results indicate that fractures do not play a significant role in moving water
from the surface to the water table, there are reasonable, possible local conditions that may be
sufficient to produce significant tlow. There are high influx conditions such as snow melt or large
runoff events or pording cof runoff resulting from surface disturbances such as buildings, roads, soil
compaction. and removal of vegetation that could cause water to move a significant distance in a
fractured system. There is some evidence for such flow at other LANL locations (Turin, 1995). It
must zlso be kept in mind that there is wide variation between the different fractures and that it is
possible for one or two fractures to be carrying water although most others do not.

We do not expect fractures to be a fast path for contaminants out of the bottom of the pits because
these fractures are covered with crushed wtf. However, if water is able to pond within the pit, it
may be possible for that water to exit the pit through fractures on the face of the pit that are not
filled or covered. Fractures that are not directly beneath the pits may play an indirect role in the
movement ot water and contaminants from the pits. Increases in matrix saturation as a result of
water moving in the fractures are a potential source of water beneath the pits. As observed in the
simulations, water that enters the mamix rapidly redistributes throughout the matrix. block toward a
aniform saturaton. This can act to increase saration bencath the pit, thus rajsing the hydraulic
conductivity and allowing more rapid movement through the matrix.
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232 Dual-Permeability Fracture Modeling

The fractured system cun also be modeled with FEFDM using a dual permeability formulation
(Zyvoloski et al., 1995). For this formulation, an identical numerical gnd is constructed for the
matrix and fracture materials so that a one-to-one correspondence exists between a fracture node
and the matrix node at that same position. Fluid {low occurs within each continuum, and a transfer
term accounts for fluid flow and contaminant transport between the fracture and matrix. Orr has run
a number of one-dimensional simulations with this model. Fracture properties are defined for
Units 2 and 1v-u based on paralle! plate theory. Travel times to the top of basalt for both steady and
transient simulations show no significant vanation with the addition of the fractures to the model.
Orr shows interesting variations in saturation and travel times at different depths within the

one-dimensional column for the trunstent simulations. The reader is referred to Appendix B for
more details.

24  EVAPORATION

241 From Mesa Sides and Fractures

Very low net infiltration rates are required to match the field-observed saturation in the two
mesi-top units, Units 2 and 1ve-u, Evaporution from the top and sides of the mesa and possibly from
fractures is a likely plaver in keeping the mesa dry. Some data (Rogers et al,, 1995, Rogers and
Gallaher, 1995) suggest that groundwater flow may be upward toward the volcanic surge beds
located at the base of Unit 2, This flow could be driven by evaporation occurning in the surge beds.
Some simple simulations are used to study these eftects.

First we consider evaporation from the mesa sides and from vertical fractures with both 10-m and
S-m fracture spacing. A two-dimensional rectangular gnd (25 m wide. 5 m tll) composed of a
homogeneous material, either Unit 2 or Unit 1v-u, is used. Figure 2.4-1 shows the problem
configuration. Uniform infiltrution of 0.1 cm/yr occurs along the upper boundary. This infiltration
rate accounts for evaporation from the mesa top. but is higher than the flow rates found previously
to best match the in site saturations of Units 2 and 1v-u (0 to 0.001 em/vr). We compure the resuitng
vertical saturation profiles for the following cases: infiltration only, infiltranion with evaporation
occurring along the right boundary (mesa edge), and infiltration with evaporation along the night
boundury and from fractures of either 10-m or 5-m spacing. For the infiltution-only case. the nght
boundary is impermeable. The evaporative boundary is modeled by fixing the saturation at that
boundary 1o a low saturation corresponding to 50% relative humidity. For the tracture runs, the
fractures are also held at a Jow saturation corresponding 0 50% relative humidity, which is close to

the average annual relative humidity for the area. The corresponding saturation values are 0.032 for
Unit 2 and 0.00892 for Unit lv-u,
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Figure 2.4.1. Problem setup for study of evaporative effects from mesa sides and from
fractures.

Figures 2.4-2 and 2.4-3 show the simulated saturation profiles for a horizontal slice through the
center of the gnid for Units 2 and 1v-u, respectively. For both units, it appears that evaporation
affects the saturation profile to a distance of about 7 m from the mesa edge~—not much for a mesa
that is over 300 m wide. However, assuming that fractures with S-m spacing act as conduits for air
flow, evaporative effects may decrease saturations throughout both units in the mesa top. With
fractures spaced $ m apart, average saturation decreases by ~0.03. From Figure 2.1-2 we sec that
this order of decrease in saturation corresponds to approximately an order of magnitude decrease in
the net steady infiltration rate. Actual fracture spacing in these units is 1.0 to 1.3 m, but only a
fraction of these may be open to airflow. Some air flow would be required to remove water vapor
from tuff because the relative humidiry of the air in a nonflowing fracture would equilibrate with
that of the surrounding matnix. It is quite possible that fluctuations in the barometric pressure (Nilson
et al., 1991), thermal gradients, and topographic effects (Weeks, 1987) could drive such air flow in
a fractured system located on a mesa top.
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Figure 2.4-2. Resulting saturation profiles for evaporation along a mesa edge (right side)
and from fractures with S-m and 10-m spacing, Unit 2.
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Figure 2.4-3. Resulting saturation profiles for evaporation along a mesa edge (right
side) and from fractures with 5-m and 10-m spacing, Unit Iv-u.
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We note here that evaporation in these simulations and the one that follows is modeled as an
isothermal process with sarurations fixed at low values corresponding to a relative humidity of
50%. These results are nearly identical to simulated results, also calculated with FEHM, under
nonisothermal conditions that account for vapor pressure lowering and binary diffusion of air and
water vapor. Forthese examples, evaporation results in a simple. capillary-pressure-driven wicking
toward the drier, atmospheric boundary. Water vapor contributes Iess than 1% of the mass in the
system for these particular examples that were held at or very close to 20°C, even for the
nonisothermal simulatons. However, the more complex processes may have a larger effect under
more realistic noaisothermal conditions (e.g.. geothermal gradients or solar heating of the mesa
sides).

242 From Surge Beds

The next test examines the hypothesis that air flow through the volcanic surge beds located at the
base of Unit 2 can cause upward moisture flux from Unit 1v-u. The surge beds, a thin interval of
fine, sand-sized material, are aributed to deposition from the basal surge associated with violent
cruptions (Krier et al., 1996). There is some evidence that this interval is conductive o higher air
flow rates than is the restof the mesa interior. Two lavers, Units 2 and 1v-u, are modeled with their
appropriate hydrologic properties and thicknesses. Uniform infiltration at a rate of 0.1 cm/yr is
applied along the upper boundary. Again, we compare the results with infiltration alone to results.
that include evaporation along the surge bed. The surge bed is modeled simply as a set of low
saturation nodes, corresponding again to a relative humidity of 50% along the interface of the two
layers. Figures 2.4~¢ and 2.4-5 show the steady-state saturation and capillary pressure profiles for
this case. Saturation values throughout both units are significantly lowered by the fixed low saturation
at the interface. In Figure 2.4-5, the calculated values are compared to suction data reported by
Rogers ct al. (1995) for borehole G-5. which is located at MDA G. The data are transiated spatially
to force the surge bed to align with that from the simulation. We see that the calculated capillary
pressure lies between the two data sets reported by Rogers.

These simulations show that evaporation along fractures and surge beds can contribute to significant
drying of the mesa top units, possibly causing the very Jow saturations seen in these units. We feel
that the mesa may act as a natural dry barrier that substantially blocks deeper penetration of liquid
flow as described in the site conceptual model (Rogers et al., 1997). This theory needs to be
substantiated with more data and modeling studies.
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3 THREE-DIMENSIONAL VADOSE-ZONE MODEL

31  VADOSE-ZONE MODEL DEFINITION

The vadose-zone model is based on a three-dimensional representation of the site that describes the

complex mesa-top geology. Infiltration is assumed to be steady, although the mesa top and two

canyons that border Area G receive different infiltration rates. Results for a base-case flow field are
compared to those for some vaziations on the flow ficld as part of an uncertainty analysis. The
model incorporates the position and inventonies of the thirty-four disposal pits and four shaft fields
already located at Area G along with those of future pits and shafts. Two pathways are considered:
downward migration through the vadose zone to the aquifer, and lateral migration to the mesa
sides, deposition into the nearby canyon. and subsequent migration through the vadose zone to the
aquifer. Time and spatally dependent results for nuclide flux from the vadose zone feed the
saturated-zone model. The simulations are run for 10,000 years to cover the 1.000-vear compliance
period and the 10,000-year uncertainty analysis.

The assumptions used for the vadose-zone model rely heavily on the studies of specific flow processes
presented in Section 2.0. The equivalent continuum parameters chosen to represent the basalts in
Section 2.1 are used. These properties produce fast travel times through the basalt in order to
compensate for the lack of hvdrologic information about the unit. All flow js forced vertically
through the basalt, thereby eliminating lateral diversion at the basalt-pumice interface.

In Section 2.2, we studied the effects of transient percolation on vadose-zone transport at Area G
and found that at the tlow rate considered, transient pulses are damped with depth and curnulative
contaminant flux results az depth are similar under transient and steady flow tields. Steady infiltration
is also assumed in PA calculations used for other sites (Barnard and Dockery, 1991, and Wood et
al., 199%). By using a high, steady infiltration rate and other ¢onservative assumptions concerning
flow at the site, the subsequent transport calculations are expected to vield conservative results,

assurning that fracture flow is not induced. :

The fracture flow studies presented in Section 2.3 indicate that transport through ﬁ-acturcs has a
minimal effect on contaminant flux at depth. Therefore, fractures are not inciuded in the
three-dimensional vadose-zone model. In Section 2.4 we found that evaporative effects can
reasonabiy account for the low moisture contents observed in the mesa-top units ar the site and
justfy a small infiltration value.

Previous modeling studies for Area G assumed that the pit percolation rate was likely to be higher
than the percolation rate for the undisturbed mesa top (Birdsell et al.. 1995 and Section 2.2 of this
report). The pit density at Area G is high enough that the area can almost be considered “one big
pit™ in terms of infiltration (see Figure 3.1-2). Recent studies by Newman (1996), Void (1996), and
Springer (1996) show enough variability and overlap in estimates of pit and undisturbed mesa top
percolation rates that a single value for the pit and mesa top rates is justifiable and is therefore used
in this study. However, we do consider three different rates as described in Section 3,1.3.
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3.1.1 Strutigraphy

The stratigraphy was constructed from vanous sources. The topography und the bases of the Otowi
Member (Qbo) und the Tshirege Member (Qbt or Unit 1 g) were obtatned at 15.23 m (30 1t) spacings
(northing and easting) from the LANL site-wide geologic mode! (Vaniman, et al., 1996). Well-log
picks were used 1o define Units 2, Lv-c, the Cerro Toledo, and the Guaje Pumice. Data were used
for wells 54-1102, 5411035, 53-1106, 53-1107, 53-1108, G-2, 54-1110/G-3, 34-1111/G-1, S3-1112,
S4-1114, 54-1115, 53.1116, 34-1117, 54-1120, 54-1121, 54-1123, 54-1124, 54-1125, 54-1126,
54-1128, 54-1001, 54-1002, 54-1003, 54-1004, 53-1005, 54-1006, 54-1008, 54-1009, 54-1013.
and 54-1016 (Vaniman, et al., 1996). Some of these holes are inchined, and the northing, easting and
depth values required corrections. Surfuce observations for the contact between Units 2 and Lv-u
obtained from Broxton (personal communication, 1996) were used to further constrain this contact.
A data point from Well TH-S (Purtymun, 1995) was also used to constrain the Guaje Pumice layer.
The overall number of data points that were available in the vicinity of MDA G for each of the
surtfaces was 76 for Unit 2, 30 for Unit Jv-¢, 25 for Unit 1g, 14 for the Cerro Toledo, and 4 for the
Guaje Pumice.

The data set was interpolated at 43.72-m (150-tt) intervals with the Strutigraphic Geoeellular
Modeling (SGM) Software (Version 3,10, Copynght 1994, Stratamodel, In¢.). The topographic
surface truncates any surface that it crosses, The Guuje Pumice was calculated by adding the layer
thickness to the Qbo unit rather than by using its elevation because so few data are available 0
constrain this unit, Likewise, the Cerro Toledo Unit was calculated as a thickness below Unit Lg.
The surface for the base of lv-u was poorly defined by the well-log elevation data resulting in
unrealistic undulations that caused overlapping of layers above and below. This surface was ultimately
defined as a surface paralle! 1o Unit Lv-c with a thickness of 7.62 m (25 {1) as suggested by Krier
who suid that this intertace is ditficult to identify in core sumples. Some other minor modifications
were made to the surtaces to avoid unphysical crossing ot surfaces. The Puye Conglomerate 1s
defined as a 30.48 m (100 ft) thick flat unit within the vadose zone at the base of the model. This
layer is probably thicker than 30.48 m (100 f1) in the vadose zone (Krier, 1996), but again too few
data are available to justify a more sophisticated representation. The Cerros del Rio Basalts occupy
the region between the Guaje Pumice and the Puye Conglomerate. The water table 1s defined as a
flat surface at an elevation of 1767.8 m (5300 {1) although it actually dips downwurd at the eastemn
end of the mesa.

Figure 3.1-1 shows the resulting three-dimensional stratigraphic, vadose-zone model. The Bandelier
Tutf units generally dip and thin toward the east. However, the Guaje Pumice dips toward the west.
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Figure 3.1-1. Three-dimensional stratigraphy for the vadose-zone model of Area G.

312 Grid

The surtaces generated with SGM were used to construct the three-dimensional grid. The grid is
generated with the Geomesh/X3D software (Gable, et al. 1995). An initial grid based on the
stratigraphy is constructed with 3.72-m (150-£t) grid spacing. This grid is then retined to include
the 38 waste disposal pits and to better define the mesa sides. The final grid is made of 41,542
nodes and 253,613 tetrahedral elements. The surface definition tor the pits was obtained from the
Facility tor Information Management, Analysis, and Display (FTMAD) at LANL. Each pit is assumed
to be 10.7 m (35 tt) deep. Pit regions are defined by a set of nodes that outline several adjacent pits
both at the surface and at a 13.7-m (45-tt) depth. A sct of internal nodes is added down the centerline
of each pit at a depth 0f 7.62 m (25 tt). The volume associated with these nodes approximates true
pit volumes. Because the volume of finite element codes extends haltway to the next node, the
resulting pit depth is the desired 10.7 m (35 tt). These inteenal pit nodes are assigned hydrologic
properties tor crushed tuff and are the nodes that release waste during the transport calculations,
Figure 3.1.2 shows the outline of the waste disposal pits, the internal pit nodes. as well as the
outline of the mesa.
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Figure 3.1-2. Pit bounduries, internal pit nodes, and mesa edge for the three-dimensional
vadose-zone calculations.

3.13 Boundary Conditions

The mesa/canyon setting in which MDA G exists leads to a complicated set of boundiry conditions.
A very low net percolation rate (1 t010 mm/yr) is thought to oceur within the mesa. Pajarite Canyon
is quite wet with an estimated percolation rate of 10 to 100 mmy/yr, but Cariada del Buey is dry with
a percolation rate similar to the mesa top. The mesa sides are steep enough that they should represent
an evaporative region (water sink) rather than a source region. For these reasons, the top surface
nodes of the gnd are categonzed by position so that various boundary conditions ¢an be applied to
the mesa top. to Pajarito Canyon, to Caiada del Buey, and to the mesa sides. Figure 3.1-3 shows a
boundary condition map for the topographic surface. The center portion of the grid receives the
mesa-top percolanon rate, and the outer portions receive canyon percolation rates. The outline of




the mesa is clearly defined in this figure by the evaporative boundary nodes. The evaporative nodes
are held at a tixed saturation ot Q.03 which is equivalent to an ambient relative humidity near 50%.
Some nodes are not categorizéd and are assigned no-flow boundary conditions. These nodes are
adjacent to the evaporative nodes and act as buffers between the different boundary regions,

Five ditferent flow fields areconsidered in order to study the sensitivity of the calculated saturation
tields and the transport resuits to background flow rates. Three mesa-top flow rates are used
(1 mm/yr. 3 mmJyr, and 10 mm/yr), two tlow rates for Cafiada del Buey are considered (1 mm/yr
and § mm/vr), and three flow rates for Pajarito Canyon are used (20 mm/yr, 50 mm/yr, and
100 mm/yr). Table 3.1-1 sunmarizes the five cases. The base case, 5_1_50, is thought to be
conservative for the site. Using chloride flux estimates, Newman (1996) reports near-surface,
mesa-top flux rates of 3 1o 6 mm/vr, midmesa flux rates ranging from 0.03 to 1.5 mm/yr, and
submesa flux rates near S mm/vr. Vold (1996) gets similar results using moisture profile analysis.
Springer (1996) estimates a mean pit percolation rate of 0.99 mm/yr using a water balance algorithm,
Simulated moisture profiles (Figure 2.1-2) show that the range 1 mm/yr to 10 mm/vr conservatively
fits the available moisture data. Rogers et al. (1996) estimate recharge at 4.4 mm/vr in Cafiada del
Buey and 20 to 100 mm/yr in Mortandad Canyon, which is considered to be hydrologically similar
to Pajarito Canyon.

Mesa Top (1.5.10)

Canada del Buey (1.5)

Pajarito Canyon
(0,50,100)

Evaporative Nodes

Figure 3.1-3. Boundary condition map of the topographic surface for the vadose-zone flow
and transport calculations. Parenthesized values indicate flow rates in

mrm/vr.
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Table3.1-1. Infiltration rates (mm/yr) used as upper houndary
conditions.
Canada del | Pajarito Canyon
Mecsa Top Buev
[_1_20 1 1 a0
tLowes Flow Case)
S 1.20 3 1 20
S 1% < 1 30
{Base Cased
10_1_20 10 1 20
10_5_100 10 3 100
(Hizhest Flow Case)

No-flow boundury conditions are applied to the sides of the grid. The bottom boundary represents
the water table with a fixed saturation of 0.99. Both water and radionuclides can exit this boundary.
Time dependent radionuclide flux through the bottom of the vadose-zone grid 1s recorded at each
ume step to be used us input to the saturated-zone model. In order to supply an adequate spatial flux
distnibution, the bottom boundary is divided into 28 regions for which fluxes of rudionuclides are
reported as shown in Figure 3.1-4.

Figure 3.1-1. Bottom boundury divided into 28 regions for which temporally and spatially
dependent {Tux from the vadose-zone calculation is reported.
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314 Hyvdrologic Properties

The hydrologic propertics for the units are given in Table 2.1-1. As described in Section 2.1.2,
basalt properties are chosen that produce rapid vertical ansport through the fractures of this unit.
The basalts are treated as an equivalent continuum medium (Klavetter and Peters, 1986) made up
of both fractures and matrix material. The fractures are assigned a high permeability and porosity
that promote vertical flow from the pumice into the basalts, thus minimizing lateral flow within the
pumice. The porosity of the basalt continuum is set equal 10 10, the estimated volume fraction of
fractures, causing most flow 1o occur in the fractures and resulting in extremely rapid groundwater
travel times of between 1 and § vears through the basalts.

Although hydrologic properties for the Puyve Conglomerate are also unknown, we expect that our
intuition for tlow through this unit is better. The laver is modeled as coarse sand (Carsel and Parrish,
1988) with the porosity reduced by 60% (from 0.43 1o 0.25) as described in Section 2.1.2. This
should lead 1o conservative (faster than expected) travel imes through the Puye Conglomerate.

313 Transport Properties

Recent studies by Conea (1992) show that the diffusion coefficient decreases with decreasing
saturaton. The diffusion coefficient was modeled in this fashion and decreases parabolically from

10-? m¥/s at saturation to 10-15 m?/s at a moisture content of 0.001. The dispersivity is I min the

verteal direction and 0.1 m in the horizontal direction.

Table 3.1-2 shows the distribution coefficients (Kd) for each nuclide in the simulations. The column
“Inmct Tutf™ applies for the vadose-zone Bandelier Tuff units. The values for Am, Np, Pu, Te-99,
and U were measured at a2 pH of 9.8 on Bandelier Tuff samples, using a sodium-bicarbonate-
carbonate-rich synthetic solution representing pore water extracted from the tff (Longmire et al..
1996). The remaining values are based largely on sorpton measurements for Yucca Mountain tuffs
(Krier et al. 1996). These distribution coetficient values apply from Unit 2 down through the Guaje
Pumice Bed. No distribution coefficient is applied in the basalt layer in order to be consistent with
the assumption of rapid transport through that unit.

36

|




—
|
. Table 3.1-2. Median distribution coefficients (Kd (ml/c) for nuclides on intact -
and crushed, unsaturated Bandelier Tuff and on saturated samples. "
' Intact Tuff Crushed Tuff Aguifer
Nonsorbing Nuclides |
l HC ML Te ‘: 0 0 0 R
—\{«;c:\k!_v Sorbing 5(@@ o |
l “Np ' 2.2 7.5 0.151
B, 24U, P, Peu MU 243 2.61 485
' “Mo ' 3 4 3
3py, Py, Py, Py, ‘ 413 m 1395
242Pu ;
' Strongly Sorbing Nuclidex
K 15 15 15
. *1%ph 25 28 25
2Si 35 35 35
l *“Cm, 'Eu, "™Ey, '"*Gd. 50 50 50
:MP.'.L ld?sm‘ l5lsm !
l 3Cd-m : 80 80 80
""Ag-m | 90 90 90 ‘
| “Nb-m. “Nb 100 100 100 |
“0gr | 116 16 116 ’
‘ *ac, *'CL I CE 130 130 130 |
*"Ra, %'Ra 200 200 200 |
' Wes T Tas 48 428 |
YCHE, FTh, ®*Th, ®*Th.*Ti | 500 500 500
| By T 536 936 |
*Am, *Am S 1359 2050 141 |
|
}
|
|
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Different values for the distribution cocfficients of Am, Np, Pu, Tc-99, and U are applied in the
waste disposal pits as shown in the ¢olumn “Crushed Tuff™ in Table 3.1-2, These values were
measured on tour samples of Bandelier Tuft Unit 2 from a depth interval of 3.3 10 3.7 m (10.8 to
12 ft) and are representative of the crushed tuff that is used to fill the disposal units (Longmire et al.,
1996). The Kd values for the remaining radionuclides are assumed to be the same as for intact tutf,

Kd values that are representative values for the saturated zone have also been measured for Am,
Np, Pu, Te-99, and U. These are shown in the “Aquifer” column of Table 3.1-2. These values were
measured on Bandelier Tuff samples at a pH of 7.3 using Water Canyon Gallery groundwater
(Longmire et al., 1996), which is expected to be closer to the pH of the saturated-zone waters.
These values are applied to the saturated zone and also to the deep vadose zone for the Puye
Conglomerate, which we presume has pore water more similar to the saturated zone than to the
shallow vadose zone. Again, for the remaining radionuclides, distribution coefficients measured on
Yucca Mountuin tuffs are used.

316 Source Term

The source-term models 1o calculate tme dependent total nuclide release rate, ¢ (moles/vr), from
cach disposal unit (Vold et al., 1996; Vold and Shuman, 19972) are incorporated directly into FEHM
for the three-dimensional simulations. Two source-term models are included: rapid releasc and
solubility limited. The rapid-release model takes the form © = Q A%te~M, where Q is the total inventory
(moles) of the nuclide in the disposal unit, and A is the release constant (A = g/6h) where g is the
Darcy flux through the waste package, 8 is the average moisture content of the disposal unit (taken
to be 0.0S). and h is the representative height of a waste package (taken to be 1 m). The
rapid-release source term is highly dependent on the Darcy flux through the waste package (q) as
shown in Figure 3.1-3. For the 10-mm/vr flux, most of the source is released over a 60-year period,
but for the 1-mm/yr flux, a similar quantity is released over about 360 years. The solubility-limited
mode! takes the form © = £;,VqCy/h, where V'is the total initial nuclide waste volume in the disposal
unit, and Cy; is the nuclide solubility limit. The fraction fj; is a correction fuctor for the solubility
limit contributions from multiple nuclides, i, of the same element and from muldple waste forms, j.
This was determined to be a significant correction factor only for uranium (Vold and Shuman,
1996). The maximum pore water concentration of each nuclide is compared to its solubility limit to
determine the appropriate source release model for each nuclide in each disposal unit. The Darcy
flux (q) 1s set equal to the fixed mesa-top infiltration rate (1. 5, or 10 mm/vr) for the flow field of
interest. Source-term information describing the total inventory (Q). source-release model, initial
nuclide waste volume (V), and solubility Limit (C;;) were obtained from Vold and Shuman (1996),
which in tumn was derived trom the complete inventory analysis (Shuman, 1997a).
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Figure 3.1-5. Velocity-dependent portion of the rapid-release source term (4. te=),

The source-term information described above was supplied for each of the four disposal unit
classifications and are described in Table 3.1-3. Shaft fields were added as surface nodes near their
true location. The oldest shafts are 2 nodes located west of pits 2 and 4, 71 to 88 shafts are 4 nodes
located west of pit 16, historical shafts are 3 nodes located west of pit 22, and future shafts are
2 nodes located west of the two easternmost future pits.

values. For each nuclide in these inventory classes, a total inventory and waste volume is given for
all of the pits combined and also for the shafts. In this case, the pit inventory is distributed between
all of the pit nodes for the waste class (Oldest or Future), and solubility-limited wastes are then

Tabie 3.1-3. Disposal unit classification and location.

Disposal Unit Referred to | Locations
Classifications in Text by

Extrapolated 1957 Qldest Pits | through 6 and in shafts located to
to 1970 the west of Pits 2 and 4

Recorded 1971 to 711088 Pits 7 through 36, except for pits 30 and
1988 31, and in shafts located to the west of Pit
16

Recorded 1988 to Historic Pits 30, 31, and 36 through 3%9and in
1995 shafts located to the west of Pits 22

Projected 199610 | Future Four large pits and in shafts to the west of]
2044 Pits 37 and 38

' The inventory data (Shuman, 1997a) for the Oldest and Future wastes are extrapolated or projected




considered to be solubility limited in all of the pits. Inventory and waste volume are known in

greater detil for the 71 to 88 and for the historic wastes. For cach nuclide in these inventory
classes, a total inventory and waste volume is given for each individual pit and for the shafis. The
individual pit inventory is distributed berween the pit nodes for the appropriate waste disposal pit.
Wastes may be solubility limited in some pits or shaft fields and rapid relcase in others depending
on the mventory and waste volume in the particular pit or shaft field.

32 VADOSE-ZONE FLOW RESULTS

The base-cuse flow model uses a S-mm/yr percolation rate for the mesa top, which includes the
undisturbed mesa top as well as the pit areas. Percolation for the adjacent canyons is fixed at
1 mm/yr for Caitada del Buey and 50 mm/vr for Pajarito Canyon. These flow rates are varied in
order 10 quantify the effects of uncertainty in flow rate on dose assessment results. Figure 3.2-1
shows the saturation field looking down on the mesa for the base-case {low field. The outline of the
mesa top is evident from the low saturation (dark blue) boundary conditions applied along the mesa
edge_ A higher saturation (green) is also evident in Pajarito Canyon where the infiltration rate is the
highest. This figure shows how well the grid captures the topography of the site and also the
application of the boundary conditions.

Samration profiles as a function of depth at three locations are developed for the various infiltration
boundary conditions shown in Table 3.1-1. The three locations are near the eastern end of the
proposed future pits, at the eastern end of the historic pits beneath Pit 39, and at the eastern end of
Area G just west of Pit 1. The purpose of looking at saturation as a function of depth at these
locations is to determine whether modeling the three-dimensional geometry of the topography and
of the genty dipping beds coupled with the combination of canyon and mesa infiltration rates can
predict the in situ saturation measured in the Cerro Toledo and Otowi Member. The relatively high
saterations in these units proved difficult to match with the two-dimensional simulations prescnted
in Secton 2.1.

Figure 3.2-2 shows saturarion profiles at three different mesa infiltration rates but the same canvon
infiltration rates (1_1_20, 5_1_20, and 10_1_20) for the location near Pit 1. This figure indicates
results similar to those shown in Figure 2.1-2. An increase in the mesa-top infiltration rate leads to
increased saturations throughout the depth of the vadose zone. An increase in mesa infiltration
from 1 mm/vr o 10 mm/yr results in an approximate increase in saturation on the order of 0.03 to
0.1. Figure 3.2-3 shows saturation profiles at the three locations of interest for the base-case flow
rate (5._1_50). The three satwration profiles differ from one another, on the order of 0.02 to 0.05 in
saturation, for the same flow field, which is about half the variation seen for the change in flow rate
from 1 mm/yrto 10 mm/yr at the location nrear Pit 1. These results show that in situ saturation is not
only controlled by the infilgation rate but that the local topographic and stratigraphic configuration
are also controlling factors. This suggests that calculated saturation profiles at various locations
might better be compared to saturation measurements made at like locatgons (i.¢., individual borehole
measurements) than to ensemble average saturation values.




s |

We also examined the effect of canvon flow rates on the saturation profiles at the three locatons. A
change in infiltration from | mm/yr to 5 mm/vr in Canada del Buey shows no etfect on submesa
saturations even 1n the units that lie bencath the canvon floor. However, a variation m infiltration in
Pajanito Cunvon does affect saturations slightly, for the units from the Otowi Member down to the
water table, at the location near the future pits. For example, saturanons at this location calculated
for the Otowi Member increase by abour 0.02 with an increase in the Pajanto Canvon nfiltration
rate from 20 mmJvr to 190 mm/yr. This increase at the other two locations is almost indistinguishable.
There are some geological differences at the location near the historic pits that may explain why the
saturation at depth responds more strongly to the boundary condition on Pajarito Canyon than at
the other two locations, The mesa narrows, the canvon floor is quite steep, and the canvon cuts the
strata ditferently at the western end of Area G. All of these factors may contnbute to a more lateral
distnbution of canvon flows beneath the mesa top. The location near the future pit 1s also the
closest to Pajarito Canyon of the three sites, and proximity to the canvon may also be a factor.

In general, the calculations indicate that vanations in mesa-top tlow rate and in monitoning location
more strongly affect saturation profiles beneath the mesa than do canvon flow rates. This agrees
with a previous two-dimensional modeling study (Birdsell et al., 1993) for the site that considered
the effects of canvon flow on submesa saturation profiles. However, the results of this current study
and the two-dimensional studyv do not include a component of lateral flow at the pumice/basalt
interface. The inclusion of lateral diversion of flow within the pumice bed nozonly leads to increased
saturation in the Otowi Member, as discussed 1n Section 2.1, but also leads to calculated submesa
saturation profiles that do depend on canvon tlow rates. Recent stable isotope studies (Newman,
1996) indicate that canyon waters may flow laterally beneath the mesa. A better understanding ot
the mechanisms and hyvdrologic propertics that control flow in the deep vadose zone will help to
clarify issues related to the interaction of the canyon and mesa tlow fields.

33 VADOSE-ZONE TRANSPORT RESULTS

Vadose-zone transport calculations were run for C- 14, [-129, Np-237, Tc-99, and U-238 using the
base-case, steady tlow field (5 mm/yr tor the mesa top, 1 mm/yr in Canada del Buey, and
50 mm/vr in Pajarito Canvon). These nuclides were chosen because of their low distribution
coetticients, ranging from zero to 2.43 in most of the vadose zone, as shown in Tables 3.1.2 through
3.1-2. Downward flux to the water table and lateral flux to the mesa sides were examined.
Interestingly, only C-14, 1-129, and Te-99, the nonsorbing nuclides (Kd =0), show any breakthrough
to either the water tabie or to the mesa side over the 10,000-vear time frame considered. This result
enables us to ¢liminate the remaining nuclides (except for Co-60 and H-3) from consideration in
the dose assessment because their distribution coefficients are larger than those of either Np-237 or
U-238, which did not break through to either the water table or to the mesa sides. This screentng
technique includes the consideration of all daughter products in the radionuclide decay chains.
Calculations of Np-237 and U-238 transport using the maximum tlow tield (10 mmy/yr for the mesa
top. S mmV/yr in Canada del Buey, and 100 mm/yr in Pyjanito Canyon) also showed rno breakthrough,
thus showing that the screeming technique applies at the higher Now rates considered in this study.
Co-60 and H-3 are eliminated from the analysis because of their short half-lives of 3.26 vears and
12.3 vears, respectively.
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Figure 3.2-1. Steady-state vadose-zone saturation tield (top view) for the base-case tlow
field (dark blue—saturation is ~0.03. light blue—saturation is ~0.2,
green—saturation is ~0.5).
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rates.

Figures 3.3-1 show the simulated I-129 plumes for the four source regions (described in Table
3.1-3) after 1,000 vears. Although the infiltration rate at each source region is the same (5 mmy/yr),
the plumes are quite different because of both inventory variations and differences in the thickness
of the stratigraphic units. The inventory distribution in the disposal units is heterogeneous, leading
to large variations 1n contaminant release rates from the disposal units to the unsaturated zone. For
example, the 71 to 88 inventory [Fig. 3.3.1(b)] domunates the total site release of I-129 to the
aquifer at 1,000 vears. Also, the historic shafts, located near the southern edge of the mesa (left side
of Fig. 3.3.1(c)), concentrate nearly 80% of the [-129 historic inventory into a small area, thus
producing the predominant plume shown at the south side of the mesa. The histoni¢ pits to the north
and west produce the less concentrated plumes. The location of the basalt unit and the effect of the
vertical, fracture-dominated flow through this unit (see Section 2.1) on plume migration is readily
visible in these tigures. We see that once solutes reach the basalt, they mugrate guickly through the
units. In the future waste scenario (Fig. 3.3.1(d)). only the plume’s leading edge reaches the basalt
after 1,000 vears because the tuff units are much thicker beneath this proposed expansion area.
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Figure 3.3-1. [-129 plumes (log scale concentration, moles/liter) in the vadose zone at
1.000 vears for the four ditferent source regions, base-case flow tield.




33.1 Downward Transport toward the Water Table

33.1.1 Base-Case Flow Field

Figures 3.3-2 through 3.3-4 show the total time dependent flux of C-14,1-129, and Tc-99 from the
vadose zone to the saturated zone for the four source classifications using the base-case, steady
flow field (5_1_50). The exponental rapid-release model described in Section 3.1.5 controls the
release of all three nuclides. This produces flux-versus-time curves that peak in less than 10,000
years. A solubility-limited release would produce flat flux curves with no peak that extend for the
duraton of the inventory lifetime, The transient flux information is supplied as input to the
saturated-zone model, but is broken into 28 spatial footprints us shown in Figure 3.1-%. so that the
spatial distribution produced by the various source regions is mainzained,
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Figure 3.3-2. Total flux of C-14 from the vadose zone to the saturated zone from the four
source regions, base-case flow field (5_1_50).
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Figure 53.3-3. Towl tlux of I-129 from the vadose zone to the saturated zone from the four
source regions, base-case tlow field (5_1_50).
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the four source regions, base-case flow field (5.1_50).




Foreach nuclide and each waste category. the flux is increasing at 1,000 years causing the 1,000-year
peak dose to occur at 1,000 years, During the 1,000-year to 10,000-year uncertainty time frame., the
peaks in the curves occur at various times, making the prediction of time of maximum dose over
this tme period less straightforward, For each of the three nuclides, the future inventory amives

latest at the base of the vadose zone because of the increased vadose-zone thickness at the western
end of Area G.

3312  Other Flow Fields

In order to assess the uncertainty in flow rate at the site on the transport results, we examined the
transport of 1-129 for the historical source for different flow rates and compared the flux from the
vadose zone, Figure 3.3-5 shows the total flux of T-129 for five ditferent flow rates as deseribed in
Table 3.3-1; 1_1_20, 5_1_20, 5_1_50, 10_1_20, and 10_S_100. By comparing the 1_1_20 case,
the 5_1_20 case, and the 10_1_20 case, we see that an increased percolation rate through the mesa
results in faster transport through the vadose zone and increased {lux to the saturated zone. This
flux dependency is compounded by the source release rate, which is highly flux dependent as
shown in Figure 3.1-1, The flux at 1,000 years for the lowest flow case (1_1_20) is some five to
seven orders of magnitude less than the other cases considered. This case is investigrated further to
estimate a lower bound dose as part of the uncertainty analvsis. By comparing the 5_1_20 case to
the 5_1_50 cuse, we see that additional water in Pajarito Canyon results in faster transport through
the vadose zone and increased flux to the saturated zone. The 10_5_100 case represents the flow
field with the most water added to the system. This case yields the fasiest transport through the
vadosc zone, the highest flux rate to the saturated zone, and consequently will yicld the highest
dosc over the first 1,000 years, For this reason, we study this case further in the uncertainty analysis
10 estimate an upper bound dose as part of the uncertainty analysis.
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Figure 3.3-5. Total flux of the historical 1-129 inventory from the vadose zone to
the saturated zone for various flow cases.
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Figures 3.3-6 (a). (b). and (<) show the total ime dependent flux of C-14,T-129, and Tc-99 from the
vacosc zone to the saturated zone for the four source regions for the highest-flow case (10_5_100).
If these results are compared to those shown in Figures 3.3-2 through 3.3-4 for the base-case flow
rate, we see that the high-flow case yields curves that peak earlier and have higher contaminant
fluxes to the vadose zone. For the base-case calculations, the time of first arrival was estimated to
be at about 600 years. For the high-flow case, this tme has decreased to about 300 years.
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Figures 3.3-7 (a). (b), and (c) show the total time dependent flux of C-14, 1-129, and Tc-99 from the
vadose zone to the saturated zone for the four source regions for the lowest-flow case (1_1_20). If
these results are compared to the base-case results (Figures 3.3-2 10 3.3-4). we see that the peak flux
values for the low-flow case oceur later than 10,000 years, For the base-case calculations, the time
of first arrival was estimated to be at about 600 years, For the low-flow case, this time has increased
to about 2,000 years, which is later than the 1,000-year compliance period.
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Figure 3.3-7. Total flux of (a) C-14., (b) I-129, and (c) Te-99 from the vadose zone
to the saturated zone for the Jowest-flow case (1_1_20) from the four
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332 Lateral! Transport toward the Mesa Sides
3321 Base-Case Flow Field

Figures 3.3-8 through 3.3-10 show the simulated results of lateral flux toward the north (Cafiada
del Bucy) and south (Pajarito Canyon) mesa sides for C-14, I-129, and Tc-99. These calculated flux
values are expected to be extremely conservative (high) compared to the true flux that occurs at the
site for two reasons. First, the simulated lateral transport of the nuclides occurs because of the
cvaporative boundary condition imposed along the mesa sides. The very low, fixed saturation along
the mesa sides causes a strong lateral pressure gradient that pulls water and subsequently the auclides
from the mesa interior toward the edges. Our bypothesis of evaporative processes at
Area G is that evaporation occurs ubiquitously within the fractures in the mesa-top units and also
along surge beds as discussed in Section 2.4. This hypothesis is supported by the extremely dry
mesa-top wif units (Krier, et al., 1996). by recent chloride and §!80 profile analyses (Newman,
1996) and by high suction measured along the surge beds (Rogers et al., 1995; aiso see
Figure 2.4-5 in this report). If drving occurs throughout the mesa (as we hypothesize) instead of
only at the mesa exterior, the resulting lateral pressure gradient is much weaker, leading to less
contaminant tansport toward the mesa sides.
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Figure 3.3-8. Total lateral flux of C-14 toward the mesa sides along (2) Cafiada del
Bucy and (b) Pajarito Canyon from the four source regions,
base-case flow field (S_1_50).
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Figure 3.3-9. Total latera! flux of I-129 toward the mesa sides along (a) Cafiada del Buey
and (b) Pajarito Canyon from the four source regions, base-case flow field
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Figure 3.3-10, Total lateral flux of Tc-99 toward the mesa sides along (a) Cafiada

del Buey and (b) Pajarito Canyon from the four source regions,
base-case flow field (5_1_50).
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Second, the flux is calculated as though the nuclides exit the system as they reach the mesa edge. In
this case, the nuclides would be available for surface transport, perhaps by surface runof?. It is more
likely that nuclides would accumulate along the mesa edge rather than moving beyond. Pore water
evaporates but the heavy, nonvolatile nuclides will tend to concentrate. This same process happens
along other evaporation sites (¢.g., fractures) again resulting in less flux at the exterior of the mesa
than shown in the calculations. Longmire et al. (1996) have observed elevated chloride, sulfate, and
sodium concentrations in pore waters extracted from unsaturated-zone Bandelier tuff samples. They
suggest that evaporation leads to the concentration of dissolved species. Newman's (1996) data on
chloride and stable isotope conceatrations also support this discussion.

The next step in this analysis is to consider the migration of this laterally transported waste to the
water table from the two canvon floors adjacent to the site. For the simulations, we conservatively
assume that the radionuclide flux out of the mesa sides is immediately available for transport from
the canyon fioors. This is performed for some generic cases and later scaled to estimate results for
the specific cases. As seen in Figures 5.3-8 through 3.3-10, a flux of 10-!3 moles/s is a typical peak
latera! flux value. This value is chosen to represent the generic source term. These figures also
indicate a peak flux occurring for a period of about S00 years. Therefore, a generic rapid-release
source is modeled as a constant flux of 1013 moles/s for a period of 500 vears. The source release
begins immediately so that no lag time for the nuclides to reach the mesa sides and then depositin
the canyon floors is included in the analysis. '

Separate calculations are run for the two canyons, Pajarito Canyon (south) with a percolation rate
of 50 mm/yvr and Cafiada del Buey (north) with a percolation rate of | mm/yr. The flux is applicd
over areas in the two canyons that represent the areas adjacent to the historic pits (Recorded 1988 to
1995 wastes). Figure 3.3-11 shows the resulting flux-versus-time curves at the base of the vadose
zone for this set of ealculations. The contaminant that is placed in Pajarito Canyon (south) reaches
the water mble more quickly than that placed in Cafiada del Buey (north) because of the higher
percolation rate in Pajarito Canyon. The peak flux occurs atter 750 years. The simulated nuclide
flux from the vadose zone for waste placed in Pajarito Canyon is used as input to the saturated-zone
model so that the maximum possibie dose for this mechanism can be predicted. These results are
presented in Sections 4.3.2 and £.3.3. The saturaied zone results for the generic rapid-release case
(flux rate of 1. x 10-13 moles/s into Pajarito Canyon) are scaled by the approximate peak flux values
for each of the three nuclides and each of the four waste categories from Figures 3.3-8 through
3.3-10. These scale factors, shown in Table 3.3-1, are used in the formal dose assessment (Shuman,
1997Db).
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Tablc 3.3-1. Scale factors to correct generic concentration breakthrough
curve for cach nuclide and waste category using the base-case flow field
(5_1_50).
C-14 1129 Tc-99

Oldest 0.0001 02 0.4

71 o 88 1.0 05 0.8

Historic 0.04 0.02 0.1

Future 0.09 0.005 3.5
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3322  Other Flow Fields

For the high-flow case (10_5_100), the simulated lateral transport toward the mesa side is quite
similar to the base-casc predictions shown in Figures 3.3-8 through 3.3-10. Slightly higher peak
fluxes (1 to 4 times higher) of shorter duration are calculated. At this higher flow rate, the mesastop
saturation s higher. This produces a larger saturation gradient between the mesa-top units and the
side evaporative (fixed, low-samration) boundary, causing a stronger capillacy pull of contaminated
water toward the mesa sides than for the base case. There is, however, a competing advective force.
The higher flow rate cazries the coantaminated water downward twice as fast as in the base case,
thus moving it beyond the stong capillary forces exerted along the mesa edges. These factors help
to explain the higher peak fluxes of shorter duration. The generic flux curve from Pajarito Canyon
1o the water table for this case is shown in Figure 3.3-12. The high- and low-flow flux rates shown
in Figure 3.3-12 are calculated similarly to that for the base case (a constant source of
10-13 moles/s for a period of 500 years with no lag time) except for the background flow field.
There is faster breakthrough to the water table because of the higher canvon flow rate of
100 mm/yr. The peak flux occurs after 580 years. Scale factors are shown in Table 3.3-2 for this
higher-flow case. These are used in the formal dose assessment to scale results for the generic case
of tlow through Pajarito Canyon to estimate a worst-case release.
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Figure 3.3-12. Generic total flux from the floor of Pajarito canyon through the vadose zone
to the saturated zone for an extreme case of lateral transport. Pajarito Canyon
flow rates are 100 mm/yr, S0 mm/yr, and 20 mm/yr.




For the low-flow case (1_1_20), the simulated lateral transport toward the mesa side is also similar
to the base-case predictions shown in Figures 3.3-8 through 3.3-10, Slightly lower peak fluxes
(2 to 4 times lower) with delayed arrival times and of longer durations are calculated. At this lower
flow rate, the effects of the capillary and advective torces are the opposite of those explained in the
previous paragraph for the high-flow case. Compared to the base case, the capillary pull toward the
mesa edge is weaker because the internal mesa-top saturation is lower. The downward advective
wansport is five times slower than for the base case. The weaker capillary force helps to explain the
delaved arrival ime and the lower peak values. With the lower flow rate. the contaminated water
remains within the strong capillary gradient for a longer ime, which causes the longer duration of
the flux curve. The generic {lux curve from Pajarito Canyon to the water table (Figure 3.3-12)
shows slower breakthrough to the water table because of the lower canyon flow rate of 20 mmAr.
The peak flux occurs after 1,290 years. Scale factors are shown in Table 3.3-3 for this lower-flow
case, These are used in the formal dose assessment to scale results for the generic case of flow
through Pajarito Canyon to estmate a lower bound release.

As in the base case, these caleulated flux values are expected to be extremely conservative (high)

compured to the true laterul flux that occurs at the site for the two reasons discussed in Section
3.3.2.1,

Table 3.3-2. Scale factors to correct zencric concentration breakthrouzh
curve for each nuclide and waste category using the highest flow rate
(16_5_100).
C-14 1-129 To99

Oldest 0.0001 0.3 0.5

71 to 88 2.0 0.6 0.9

Historic 0.06 0.03 0.1

Future 0.2 0.007 6.0
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333 Generic Transport Calculations for Nonradiolozical Contaminants

The migraton of nonradiological contaminants from Arca G through the unsaturated zone was
modeled through a series of generic simulations. The resuits of these simulations are used to estimate
minimum adsorpdon coefficients (Kd) that will resultin acceptable contaminant breakthrough from
the site to the aquifer. These results can be used to predict which nonradiological metals in the
inventory may be hazards to the aquifer over the aext 10,000 vears and which are expected to be
iess threatening.

Four sets of predictions or cases were run with FEXM using unsaturated-zone input and
three-dimensional grid files based on those developed for the PA and CA transport modeling. These
four cases include (1) release from the historic pits and shafes assuming the base-case flow field. (2)
release from the historic pits and shafts assuming the highest flow field, (3) release from the oldest
pits and shafts assuming the base-case flow field, and (4) release from the oldest pits and shafts
assuming the highest flow field. In cach case, liquid-phase contaminant concentrations in the pits
and shafts were held constant at 1.0 mole/l for 10,000-year simulations. The adsorption coefficient
of the wff units and the Puye Conglomerate was modified over a range of values from
0.0 to 1.0 ml/g to predict flux from the unsaturated zone to the aquifer. To ensure that the same mass
of contaminant enters a given set of simulations, we assumed that no adsorption occurred on the
crushed tuff that fills the pits. The basalt unit was also assumed to be nonsorbing. Only downward
transport toward the aquifer is considensc.

3331 Simulction Results

Figures 3.3-13 through 3.3-16 show contaminant breakthrough curves (flux versus time) from the
unsaturated zone to the saturated zone for the four sets of generic predictions discussed above and
a variety of Kd values, The results demonstrate that a Kd as small as 0.1 ml/g can slow the arrival
of a contamninant to the aquifer by over 1,000 years, For example, releases of 10° moles/s from the
historic pits and shafts at the base~case tlow rate (Figure 3.3-13) occur at about 1,000 years for
Kd =0, at about 4,000 yvears for Kd = 0.1, and at about 6,800 years for Kd = 0.2. In Table 3.3-¢, we
summarize the minimum Kd required in each of the four cases to result in contaminant fluxes after
1,000 years that are three orders of magnitude and six orders of magnitude lower than the peak flux.

Table 3.3-3. Scale factors to correct gencric concentration breakthrough

curve for each nudide and waste catepory using the lowest flow rate (1_1_20).
C-14 | I-129 Te-99

Oldest 6x10% | 0.04 0.09

71 to 38 0.5 ! 0.2 0.4

Historic 001 | 0.005 0.05

Future 0.05 | 0.002 1.0
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Figure 3.3-13. Total flux from the unsarurated zone as a function of Kd—the plot shows
flux as a function of Kd for simulations with a generic source, from the

historic pits, and at the base-case flow rate,
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Figure 3.3-14, Tota! flux from the unsaturated zone as a function of Kd—the plot shows
flux as a function of Kd for simulations with a generic source, from the
historic pits, and at the base-case flow rate.
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Figure 3.3-15. Total flux from the unsaturated zone as a function of Kd—the plot shows
flux as a function of Kd for simulations with a generic source, from the
historic pits. and at the base~case flow rate,
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Figure 33-16. Total flux from the unsaturated zone as a function of Kd—-the plot shews
flux as a function of Kd for simulations with a generic source, from the
historic pits. and at the base-case flow rate.
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Table 3.3~4. Minimum Kd value required to result in 2 contaminant flax of

107 times the peak flux value after 1,000 years of migration.

Case Kd to result in 10" x Kd to resultin 10°x
peak flux peak flux

Historic, Base Case Flow 0.0 0.03

Historic, Highest Flow 0.03 0.1

Oldest Base Case Flow 0.0 0.01

Oldest, Highest Flow .02 0.05

The arrival time for the midpoint of a contaminant breakthrough curve is often expressed as a linear
function of Kd,

"=t (1+p,KdB), (33-1)

where t* is the arrival time for a retarded contaminant, t_ is the arrival time for a nonretarded
contaminant, p, is the bulk density, and 8 is the soil moisture content. The amival time is nonlinear
for concentrations (or fluxes) other than the midpoint because of dispersive effects. However, we
provide two linear functions that can be used for rough predictions of breakthrough times of sorbing
components. These functions are based on the results for the historic source area and the highest
flow field shown in Figure 2 because this simulation yields the most rapid transport through the

unsaturated zone. For breakthrough that is 10 times the maximum flux, the estimated arrival time
in years is

t* =240 (1 +27*Kd ). (3.3-2)
but for breakthrough that is 107 times the maximum flux, the estimated arrival time in years is

t* =540 (1 + 25*Kd ). (3.3-3)
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Equations 3.3-2 and 3.3-3 are conservative (i.c.. they produce travel times that are less than expected)
for Kd values less than orequal to 1.0. For higher Kd values, the coefficients that precede Kd drop,
and the estimates are no longer conservative.

3332 Discussion of Generic Cases

Becanse the breakthrough results are based on a constant source conceatration, they can be directly

scaled for solubility-limited species. assuming that release of the species is solubility limited in all

of the pits and shafts. If the species is present only in a fraction of the pits, scaling the results by that
fraction can also provide a good estimate, For species controlled by a rapid-release source mechanism,
an upper bourd contaminant flux can be obtained by estimating a maximum source concentration
and scaling the breakthrough curves by that concentration. This approach should be used with
caution for rapid-release components because the calculated upper bound may be several orders of
magnitude higher than the expected value.

The concentration leaving the unsaturated zone can also be estimated by dividing the flux by the
pore velocity and by the footprint area of the source region. In these examples, the pore velocities
are the mesa-top infiltration rates of 5 mm/yr for the base case and 10 mm/yr for the highest flow
case, and the footprint areas are approximately 23,000 m* for the historic pits and 33,000 m* for the
oldest pits. These areas should again be scaled if only a fraction of the pits contain the contaminant.

The results of this study show the effect of adsorption cocfficient on migration rates through the
unsaturated zone at Area G from both the historic and oldest disposal units at the base-case and
highest flow fields. It is difficult to suggest a minimum Kd value that will result in acceptable
releases without knowing the specific compliance period or the regulatory limits on contaminants.
However, we can draw the following conclusions. for a 1,000-year and 10,000-year compliance
period. We define “negligible™ in the following conclusion as 10 times the maximum flux values
shown in Figures 1 through <. We assume that these same results hold for the other two source
regions located ar Area G.

» For a nonsorbing species, negligible breakthrough should occur for at least 240 years.

e For a compliance period of 1,000 years or less, we believe that the values given in the second
column of Table 3.3-4 will sufficiently retard contaminants so that any releases to the aquifer
will be negligible. Because 2 Kd of 0.1 ml/g is the highest value in this mblc. we propose that
value as the minimum Kd value fora ‘..Ooo-vcar compliance period.

« For 2 compliance period of up to 10,000 years, it appears that a minimum Kd of 1.0 ml/g is
sufficient. This value meets our definition of negligible for all but the historic source at the
highest flow rate (Figure 3.3-14). In this case, the flux is reduced to almost 10 times the maximurm
flux, '

e For other compliance periods, Equation (3.3-2) can be used to predict a rough estimate of the
minimum Kd required to result in negligible releases.

. .
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4. THREE-DIMENSIONAL SATURATED-ZONE MODEL

4.1  SATURATED-ZONE MODEL DEFINITION

The groundwater that percolates through Area G is assumed to flow predominantly downward
through the vadose zone and then to enter the main agquifer that underlies the Pajarito Plateau at Los
Alamos National Laboratory. This vadose-zone groundwater may be a source of radionuclide
contamination to the main aquifer, which in turn may flow to the Rio Grande. The potential levels
of contarnination in the main aquifer must be predicted in order to perform the PA and CA dose
assessments for the site. These predictions of potential contaminant levels are made by modeling
the groundwater flow and radionuclide transport with the finite-clement code FEHM (Zyvoloski et
al., 1995a). The calculations span a 10,000-year ume period in order to predict doses in the aquifer
for the required 1,000-year compliance period and the 10,000-vear uncertainty period.

Although an understanding of the geology and groundwater system under the Pajarito Plateau 1s
still being developed, one hypothesis (Purtymun, 1955) is that the groundwater in the main aquifer
bencath Area G flows in a southcasterly direction unti] it flows into the Rio Grande. The numerical
model of the saturated flow beneath Ares G assumes that groundwater flow is southeasterly and
that the hydrologic properties of the aquifer are homogencous and isotropic. The groundwater is
assumed to discharge from the aquifer to the Rio Grande. The radionuclides potentially entering the
main aquifer are assumed to have traveled downward through the vadose zone from Area G. The
flux of radionuclides from the vadose zone is predicted (Section 3.3.1) and applied as an upper
boundary condition to the saturated-zone model. Although the tlow system is simple, we have
chosen 10 use a three-dimensional model in order to mauintain the spatial distribution of the four
disposal unit classifications (Section 3.1.6).

4.1.1 Geology and Hydrogeology

This brief description of the geology of the Pajarito Plateau 1s heavily dependent on Purtymun
(199S). Purtymun (1984) states that the Rio Grande depression contains over 4570 m (15.000 ft) of
volcanics and sediments that overlie the Precambrian erystalline rock. The upper part of the Pajarito
Plateau consists of the Tshirege Member, the Otowi Member, the Guaje Member, the Fanglomerate
member of the Puye Conglomerate, the Totavi Lentil, the Chaquehui Formation, the Chamita
Formation, and the Tesuque Formations interbedded with basaltic rocks of the Chino Mesa and
other basalts. The Tschicoma Formation is found to the west of the Pajarito Plateau.

Groundwater under the Pajarito Plateau ¢can be found in the shallow alluvium near the surface, in
perched water found above the main aquifer, and in the main aquifer. The main aquifer exists
within the Puye Conglomerute (composed of the Fanglomerate member and the Totavi Lentil) and
the Santa Fe Group (composed of the Chaquehui Formation, the Chamita Formation, and the Tesuque
Formation). It may be unconfined toward the west, but in the east, it appears to be confined and
under artesian and semiartesian conditions along the Rio Grande (Purtymun, 1984),




The muin aquifer is thought to exist to great depth under the Pajarito Plateau but contains usable
water (TDS less than 1,000 mg/T) to a depth of 1,830 to 2,130 m (6,000 to 7,000 £t). Salinity of the
aquifer increases with depth (Purtymun, 1984). There is no evidence of perched groundwater under
Area G or between Area G and the Rio Grande (Devaurs, 1985: Devaurs and Purtymun, 1985).

Waste that enters the suturated zone beneath Area G will enter the fanglomerate member of the
Puye Conglomerate. It is expected that the waste will not enter any of the deeper units and will
remain contuned within the fanglomerate member. This unit consists of volcanic debris with pumice
cobbles to boulders in 2 matrix of stlts, clays, and sands. Clay. silt, and pumice lenses are common.
Tee fanglomerate is widespread beneath the Pajarito Plateau. The basalts of the Chino Meso consist
of a thick sequeace of basaltic 1o andesitic rock and interflow breccias. They are interbedded with
the Chaquehui Formation and the fanglomerate member.

Wells located directly to the northwest of Area G are PM-2, PM-4, and PM-5 within the Pajarito
well field. There is no information from wells or outcroppings in the area of interest between wells
PM-2, PM-%, and PM-$ and near the Rio Grande where outcropping and water levels found in the
river and nearby springs give further information,

In the Pajarito well field, the average saturated thickness of the main aquifer penetrated by the
wells is S52 m (1810 fr). The average specific capacity of the field is about 6.46 x 103 m?s
(31.2 gpmy/ft) of drawdown, ransmissivity is 1.35 X 10-= m?/s (93,800 gpd/ft) and the field coefficient
of permeability is 2.52 x 105 m/s (53.4 gpd/ft®) (Purtymun., 1995). Purtymun has calculated the
rate of movement of water in the top of the main aquifer near Area G as 9.2 x 107 m/s (95 fuyr)
based on hvdrologic characteristics of the supply and test wells in the Pajarito well field.

Purtymun (1995) states that, based on pumping tests over the screeaed length of the PM-2 well, the
hydraulic conductivity is 1.3 x 10-3m/s (28 gpd/ft=). Over the screened length of the PM~4 well, the
hydraulic conductivity is 1.1 x 10-5 m/s (22 gpd/fi2). Over the screened length of the PM-S well, the
hydraulic conductvity is 2.5 x 106 m/s (5.3 gpd/ft=).

Springs exist at the Rio Grande in the Totavi Lentil, the Chaquchui, and the Tesuque. Spring 4A
outcrops in the Totavi Lentil at an clevation of 1,698 m (5,570 ft). Spring 4 outcrops in the Totavi
Lenti] at an clevation of 1.698 m (5.570 ft). Spring 3AA outcrops in the Totavi Lendl at 1,664 m

(5.460 ft). Spring S outcrops in the Totavi Lenti! at 1,698 m (5,570 ft). Spring 3B outcrops in the -

Tesuque at 1,611 m (5.450 ft). Spring SA outcrops in the Chaquebui at 1,644 m (5,395 ft). (Purtymun,
1995, p. 287).

Rogers et al. (1996) estimate canyon infiitration rates for the Pajarito Plateau at 0.01 to 0.20 cm/yr
beneath drv canyons and 0.01-0.10 em/yr beneath wet canyons. A rough water balance estimate
shows that the volume of vadose-zone water entering the aquifer near Area G is negligible compared
to the aquifer volume. Thus, water flux from the vadose zone to the aquifer is not included in the
model.




412 Grid

It is apparent from the preceding discussion of the geology and geohydrology of the Pajarito Platean
that (1) due to interbedded basalts and deltaic and streambed deposition of sedirnents. there is a
great deal of variation of the lithology of the area, and (2) in the area between Arex G and the Rio
Grande, there are no outcrops or wells to give information about the detailed geology. Therefore,
very little geometric detail of the formations is known about this area. For the saturated model of
flow beneath Area G, u complicated mode! is not justified by the current knowledge of the geology
and geohvdrology. However, a three-dirnensional model is warranted 1o capture the spatial
distribution of radionuclide flux from the vadose zone and to approximate dispersive effects.

A rectangular-shaped grid is used 1o mode! the saturated zone; 9,773 m (32,063 ft) long extending
from just west of Arca G 1o the Rio Grande, 1,280 m (4,199 ft) wide, and 100 m (328 ft) deep
(Figure 4.1-1). These dimensions are chosen to capture any potential contamination leaving Area G
and moving toward the Rio Grande. The grid is made up of 19.580 nodes and 102.960 tetrahedral
elements. Only the upper 100 m of the main aquifer is modeled, which mainly encompasses the
bottom of the fanglomerate member. The vertical element width decreases with elevation to better
model contaminant plumes entering the top of the saturated zone from the vadose zone. Under
Area G, the grid is refined in order to model the solute transport of any radionuclides entering the
main aquifer from the unsaturated zone. These elements are 20 m in the groundwater flow direction
and 44 m perpendicular to it. This element size was chosen 1o limit numerical dispersion in the
solute transport calculations in the area beneath Arca G. We expect an accurate flow solution
throughout the grid with an accurate transport solution in the area of interest but some numerical
dispersion in the less refined region that extends toward the Rio Grande. The model is oriented at -
23" from the x-axis (Figure 4.1-2) in order to be approximately perpendicular to the groundwater
cquipotentials as shown in Purtymun (1995).

413 Boundary Conditions

Groundwater flow in the main aquifer is thought to be confined near the Rio Grande and unconfined
further west. As an approximation, the main aquifer is modeled as entirely confined. This has a
small effect on the total volume of flow through each cross section of the model, but the groundwater
velocities, which control the movement of the contaminant plume, are unchanged. The boundary
conditions of the model are no flow on top and bortom, no flow along the north and south sides. and
fixed pressure along the east and west sides of the model. The pressures at the east and west sides of
the model increase with depth to represent constant head conditions and can be related 1o the
equipotentials of the groundwater system by (Strack, 1989):

¢ = p/pg + clevation, £.13-D

where 0 is the equipotential, p is the water pressure, p is the water density. and g is the gravitatonal
constant. The change in equipotential from east to west is set at 101 m, which corresponds to
Purtymun’s (1995) equipotentials. Time and position variant contarninant flux from the unsaturated
zone is added to the upper boundary as a boundary condition for the transport solution.
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Figure 4.1-1. Three-dimensional finite clement grid used for the saturated-zone fJow and
ransport calculations.
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Figure 4.1-2, Saturated-zone model contiguration.

4.1.4 Hydrologic and Transport Properties

Purtymun (1984) estimates that the hydraulic conductivity of the Puve Conglomerate is equal to
4.6 x 10°5 m/s. This results in an intrinsic permeability equal to 4.72 x 10-1° m?, The material is
assumed to be isotropic and homogencous for the modeling with a porosity of 0.25, as described in
Section 3.1.4.

The diffusion coefficient for the saturated zone is assumed to be 10~ m=/s, which is the same value
used in the vadose zone at full saturation. Field studies have shown that the dispersivity increases
with scale (Neuman, 1990; Gelharetal., 1992). A dispersivity value of 20 m in the direction of tlow
and 2 m transverse to the flow are used for the simulations. These values are estimated using an
empirical fit to field data developed by Neuman (1990) based on a length scale of interest of
approximately 100 m, which is the distance trom the Area G boundary to the compliance point.
Even larger dispersivity values are justifiable, and the effect is discussed turther in the uncertainty
analysis presented in Section 5. The dispersivity limits the grid spacing to approximately 20 m (see
Section 4.1.2). Table 3.1-4 gives the distribution coefficients that apply in the saturated zone.

4.2  SATURATED-ZONE FLOW RESULTS

A saturated-zone flow tield is run to steady state using the boundary conditions described in Section
4,1,3. This results in a Darcy velocity of 52 ft/vr and a linear pressure profile along the direction of
flow. The velocity is in the range of those calculated by Purtymun (1995).
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43 SATURATED-ZONE TRANSPORT RESULTS
43.1 Downward Transport toward the Water Table

As discussed in Section 3.3.1, the radionuclide source term for the suturated-zone model is the
simulated, time and position variant radionuclide flux that exits the base of the vadose-zone model.
Nodes corresponding to the 28 spatial footprints shown in Figure 3.1-4 are defined for the
saturared-zone model. This retains the spatial distribution of the four disposal unit classifications
described in Table 3.1-5. Figure 4.3-1 shows the simulated aquifer piumes for the historic [-129
iaventory assuming the base-case tlow field in the vadose zone at 1,000 years and 10,000 years.

Figure 4.3-1. Historic [-129 plume (concentration, moles/liter) in the aquifer for the

base-case, vadose-zone tlow tield: (top) side view at 1,000 years, (middle)

top view at 1,000 veary, (bottom) top view at 10,000 years.
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The side view at 1,000 vears shows that the plume disperses throughout the 100-m depth of the
model soon after entering the saturated zone. Concentration profiles at the 100-m compliance point
show a nearly uniform contaminant distribution with the highest cencentration at the water table.
This trend applies for the other [-129 source classifications and for the C-14 and Te-99 simulations.
The top views show that the inventory from the historic shafts dominates the aquifer concentration
at 1,000 vears, but the aquifer concentration is controlled by the various other pit inventories ar
10,000 years.

Figure 4.3-2 shows concentration profiles at two locations in the saturated zone again for the historic
1-129 inventorv. The locations represent the point of maximum dose for the PA waste and the
100-m downstream compliance point. This point is 100 m downstream from the Area G fence line,
but approximately S00 m from the location of the historic inventory. This information was submitted
10 be used in the formal dose assessment (Shuman, 1997b: Hollis et al., 1997). The two curves have
the same shape in which dilution and mixing decrease the concentration by a factor of about 3 at the
100-m distance. The curves reflect the vadose-zone contaminant flux curve as shown in
Figure 3.3-3, Similar results apply for the other nuclides and source terms. The dilution factor at the
100-m location increases as distance increases (1.¢.. the future inventory is more diluted at the
100-m compliance point than is the oldest inventory.) Aquifer dilution of vadose-zone concentrations
is approximately a factor of 500 between the maximum vadose-zone concentration and the
concentration at the 100-m compliance point.
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Figurc 4.3-2.  Concentrations in the saturated zone for the I-129 historic inventory
at the point of maximum concentration and at the 100-m compliance
point with the base-case flow field in the vadose zone.




432 Lateral Transport toward the Mesa Side

As shown in Figure 3.3-11, waste that is transported laterally through the vadose zone toward the
mesa side and then deposited into Pajarito Canyon reaches the water table more quickly and ata
bigher flux over the first 1,000 years than waste that is transported laterally and deposited into
Casiada del Buey. For this reason, this saturated-zone study focuses on the waste that migrates
toward Pajarito Canyon to calculate possible contamination from lateral transport at the water table.
Three concentration breakthrough curves are shown in Figure 4.3-3. These represent the time variant
aquiter concentration at the location of maximum dose in the saturated zone for the three generic
rapid-release cases (flux rate of 1. x 10°13 moles/s into Pajarito Canyon): the base case (5_1_50),
the highest flow case (10_5_100), and the lowest flow case (1_1_20). These resuits are scaled by
the approximate peak flux values for¢ach of the three nuclides und each of the four waste categories
as shown in Tables 3.3-1, 3.3-2, and 3.3-3. The basc-case breakthrough curve closely mimics that
from the vadose zone (Figure 3.3-11) with a lag time of approximately 50 years, the time for the
nuclides to travel through the vadose zone at the canyon tlow rate of 50 mm/yr. For each of the
three vadose-zone flow eases, this pathway results in higher aquifer concentrations than the downward
pathway during the first 1,000 years because we assume an instantancous release into the canyon
floor where the flow rate is higher than through the mesa. The scale factors along with the
concentration breakthrough curves are used as part of the formal dose assessment.

The genenic concentration curves represent the maximum concentration in the saturated zone beneath
Pajarito Canyon adjacent to the historical pits and shafts. The scale factors (Tables 3.3-1 through
3.3-3) are applied to this curve not only for the historic wastes but also for the other three waste
categories. In the formal dose assessment, the displacement of the different wastes is not taken into
account (i.e., all of the wastes are assumed to enter the saturated zone at the same location), which
again overestimates the dose for this pathway. Because the concentration is reported at a Jocation
directly beneath the canyon source rather than ar a downstream location, the pleme is not completely
mixed. The concentration at a depth of 100 meters ts approximately 10% that at the top of the
aquifer.

433 Dose Assessment

Dose factors were applied to the three-dimensional C-14, I-129, and Te-99 sawrated-zone
concentration ficlds to obtain dose fields. These dose ficlds were summed to obtain the total ground
water dose and the all-pathways dose (for the water component) for the Entire PA Inventory (historic
plus future waste) and the Composite Analysis Inventory (CA or all wastes). These calculations
were performed in supportof the forrnal dose assessment in order to locate the positions of maximum
dose for various combinations of waste inventories. The concentrations of C-14, I-129, and Tc-99
at the locations of the maximum entire PA doses beneath Area G, maximum CA doses beneath Area
G. and the maximum entirc PA and CA doses at a distance 100 m downstream of Area G were
supplied for the formal dose assessment. Table 4.3-1 shows the performance objectives along with
the calculated maximum dose values for the base-case flow field and the 10_5_100 flow field at
1.000 years.
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Figure 43-3. Time dependent concentration plots for the generic case of lateral
transport at the location of maximum concentration in the sarurated
zone.

It also shows the peak doses during the 10,000-vear uncertainty period. which occurs at about
4.500 years for the PA waste and 3,000 years for the CA waste for the base-case flow rate. All doses
calculated for nuclides traveling downward through the vadose zone are six or more orders of
magnitude lower than the performance objectives. For the low-flow case, doses are negligible because
well over 99% of the inventory remains in the vadose zone as shown in Figure 3.3-7.

The ful] dose assessment for the site is presented in Shuman (1997b). Shuman calculated a higher
dose during the first 1,000 years from the waste that is transported laterally to the mesa side than
from waste that follows the ¢continuous downward path to the water table. For example, the peak
aquifer dose for the base-case, vadose-zone flow field caused by lateral 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 4.3-1, but five 10 six orders of magnitude lower than the perfermance objectives.
As explained in Section 4.3.2, the earlier arrival time and higher aquifer concentrations for this
pathway are due to the assumption of immediate source release inte Pajarito Canyon and the
corresponding fast canyon recharge rate.

Reeall from Section 3.3.2.1 that this pathway is thought to be vastly overestimated. Even stll,
doses from this route are five to six orders of magnitude less than the performance objectives. A
mass balance comparison of the downward and lateral pathways was performed to caleulate the
possible impact of overestimating the lateral pathway. Over 10,000 years, approximately 30% of




Table 4.3-1. Maximum ground water and all-pathways doscs for the PA and
CA wastes, base-case flow feld (mrem/fvr). ‘

PA -Ground PA-Al CA-All

Water Pathways Pathways

Performance Objective < 25 100
1.000 yr (Base Casc) 24x107 65x 107 3.7x10-
Pcak Dose (Base Case) 3x10% Ix10=  ax 108

@ ~1500 vrs @ ~4500 yrs @ ~3000 yrs
1,000 yr (10_5_100) 8.0x 104 22x 109 1.4x103
1.000 yr (1_1_20) 9x 1012 2x10-1 I x 1010

the mass leaves laterally compared to the mass that exits at the base of the vadose zone. If this mass
were transported downward instead. we would roughly predict 2 30% increase in the dosc for the
downward pathway. As shown in Table 4.3-1, 230% increase ir: dose for this pathway is insignificant
to the dose assessment.

5 UNCERTAINTY

As in any predictions of the long-term migration of solutes through the subsurface, the results of
these transport simulagons contin intrinsic uncertainty. Here we wiil assess what we believe are
the more important uncertainties and discuss their impact on the results. The greatest uncertainties.
associated with predicting aquifer-related doses from Area G are related to our understanding of the
mechanisms that control flow and wransport within the vadose zone and our ability to mode! these
mechanisms. At this point, we feel that uncertainty associated with the hydrologic processes
themselves (conceptual model uncertainty) dominates our ability to make predictions.of transport
at the site more so than uncertainty associated with the hydrologic and geochemical properties
(dat uncertainty). However, even with these uncertainties, predicted doses are so comfortably low
that we do not expect that the uncertaintics discussed below can elevate doses to levels of concern.

51 VADOSE-ZONEFLOW

In situ saturation data are difficult to match with any single infiltration rate using our current vadose-
zone models, as was shown in Sections 2.1 and 3.2. Environmental tracer data (Newman, 1996)
indicate distinet zones of varying flux with very low midmesa water {lux rates (0.03 to 0.8 mm/yr)
and increased submesa flux rates (0.2 to § mm/yr). It is possible that the mesa and the submesa
units are not strongly connected hydrologic systems. The wetter saturations beneath the mesa may
be the result of recharge from a different source region than from percolation through the mesa top
or could represent a wetter climatic period of higher recharge than the present (e.g., during the
Pleistocene). Evaporation is clearly an important mechanism controlling midmesa flux rates, yet it
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is only indirectly incorporated into the flow modeling through the application of low infiltration
rates of 1 to 10 mm/yr. Under this steady, low infiltration rate, the simulations predict a slow but
smooth migration of waste through the vadose zone. However, by direetly including evaporation in
the simulations, the calculated migration of waste through the mesa may behave similarly to that
seen with the environmental tracers such as chloride (Newman, 1996) that accumulate within the
mesa and have estimated travel times on the order of 1,000 to 17,000 yeurs through the Bandelier
Tuff, The mesa itself may act as a dry barrier to downward migration of waste, which could lead to
enhanced waste isolation. If this is the case, we expect that the dose estimates made in this report
would be higher than if these effects were included.

The mesa-top infiltration rate is the strongest control on the calculated downward migration of
waste through the vadose zone. It controls the source release of waste from the disposal units and
the subsequent downward migration. We quantified this uncertainty somewhat by considering not
only a base-case flow field, but also high- and low-flow cases. As shown in Table 4.3-1. a variation
in mesa-top infiltration rate from 1 mm/yr to 10 mm/yr results in a difference in the 1,000-year
groundwater-related doses of six orders of magnitude. Clearly, a good undenstanding of this key
parameter is important to the dose assessment. However, because doses are so much less than the
performance objectives, a conservative yet realistic value seems adequate for this site.

Other uncertainties are related to flow within the deeper vadose-zone units for which very little
hydrologic data are available. Is there lateral flow in the Guaje Pumice bed? Do fractures ¢ontrol
water flow through the basalts? The simulation results take almost no credit for transport times
through the Cerros del Rio Basalts because we have no knowledge of the {low regime for this unit.
Because the basalts make up more than S0% of the vadose zone, this assumption is extremely
conservative. The inclusion of more realistic flow and transport properties for this unit is likely 10
add hundreds if not thousands of yeurs to transport times and to result in lower peak concentrations
in the saturated zone. Again, doses related 1o the groundwater pathways at Area G are orders of
magnitude less than the PA or CA performance objectives (Shuman, 1997b). An understanding of
the mechanisms that govern flow in the deeper vadose-zone units would greatly enhance our
understanding of flow and transport at Area G, However, because the model assumptions conceming
flow through these units add conservatism to the verv low predicted doses, a2 more comprehensive
mode] of the deep vadose zone would probably result in further reduction of predicted doses and s
therefore not necessary.

The PA and CA transporst calculations are based on the steady-flow assumption and on the use of
matrix hydrologic properties for all but the basalts at the site. Our understanding of the response of
this fractured svstem to transient flow events is another uncertainty in modeling of the site. The
transient calculations (Section 2.2) indicate that the steady-flow assumption is adequate because
fluctuations in both saturation and contaminant flux rates dampen with depth even when including
fractures in the upper two units. The single fracture infiltration study led us to the conclusion that
fracture flow is difficult to initiate (e.g., requires a large source of water) and is short lived once the
water source is removed. This conclusion helps justify the use of the matrix hydrologic propertics
for the transport calculations. Again, we should note that only the upper two tuff units are considered
to have significant fracturing (Krier et al., 1996) and that the uppermost unit is excavated during
disposal operations. The waste travels through only one highly fractured unit (Unit 1v-u) above the




basalts and even if fracture flow dominates there, the matrix units below will help to attenuate any
transient pulses.

Mean values were chosen for the hydrologic properties used in the modeling, Clearly there is some
variability in hydrologic properties at the site. In Appendix 2, Orr performed a sensitivity analysis
using the minimum and maximum reported hydraulic conductivity values for the units above the
Guaje Pumice. In these one-dimensional simulations, he found that vadose-zone travel times vary
by approximately +25% from thar calculated using mean values. If travel times are shorter in response
to higher conductivity values, predicted doscs would be higher because the sirnulated flux from the
vadose zone would be fusther along the flux-versus-time curves (for example, see Figures 3.3-2
through 3.3-4). This couid pot elevate doses by more than two orders of magnitude, which is stil]
four orders of magnitude below the performance objectives. However, it is important to point this
out as an indicator of our assumptions being less than conservative in favor of our best esimate of
the actual svstem behavior: Heterogeneity in hydrologic properties could lead to preferential flow
paths througk the vadose zone that could possibly produce faster travel times and regions with
more concentrated flux at the base of the vadose zone. However, this waste would be diluted and
dispersed in the aquifer, and it is again unlikely that this effect could elevate doses by the six orders
of magnitude required to surpass the performance criteria,

52  SATURATED-ZONE FLOW

The saturated zone is modeled as a homogeneous and isotropic, single medium. However, the true
system has interbedded basalts in the Puye Conglomerate. As described above, heterogeneity can
lead to preferendal {Tow paths thar can yield higher aquifer concentrations. Aquifer concentrations
are, however, limited by the flux of nuclides through the vadose zone and even at the point of
maximum calculated dose in the aquifer, doses are again six orders of magnitude less than acceptable
limits,

The aquifer velocity used in the simulations is 16 m/yr. Purtymun’s (1995) estimated aquifer velocity
of 29 m/yr would advect the plume more quickly toward the compliance point. However, the plume
would be diluted by approximately a tactor of two from the current calculation. Again, this effectis
small because of the very fast travel dme through the aguifer. One other uncertainty is related to the
modeled aquifer depth. The plume disperses throughout the entire modeled depth of 100 meters.
Had the depth been increased, the plume would have dispersed even further with a corresponding
decrease in concentration. This aquifer depth produces conservative (higher) concentrations.

53  TRANSPORT PROPERTIES

The transpert simulations are very sensitive to the value of the distribution coefficient, Kd.
Uncertainty in this parameter for weakly sorbing nuclides is a data uncertinty that can play an
imporant role in the results of the transport simulations and the subsequent human dose assessment
calculations. According to our simulations, a nuclide with a Kd of approximately 2.5 or higher will
not reach the saturated zone within 10,000 vears. Previous simulations (Birdsell et al., 1995) indicate
thar 2 Kd value as low at 0.5 will retard nuclides sufficiently to prevent breakthrough to the aquifer

72




within 1,000 vears. Site-specific values for several nuclides (Longmire et al., 1996) that have large
inventories or were expected to have low distribution coefficients were measured in order to decrease
the uncertainty in the transport predictions that results from data uncertainry for this parameter.

Longitudinal and transverse dispersivity values of 20 m and 2 m were used for the saturated-zone
modeling. Larger dispersivity values are justifiable based on the distance of the pits to the 100-m
compliance point. For example, the oldest pits are located approximately 180 m from the compliance
point, but the future pits are on the order of 1,300 m from the compliance point. These distances
lead to longitudinul dispersivity values ranging from 24 m to 130 m and transverse values ranging
from 2,410 13 mbased on Neuman's (1990) empirical {it 1o field data. Source-appropriate dispersivity
values for the four source regions could have been applied. The effect of increasing the dispersivity
on the simulated concentrations is that an increase in the longitudinal dispersivity would resultin a
faster arrival time for the plume’s leading edge. Increases in both the longitudinal and transverse
dispersivities would lead 10 a Jower peak concentration. The dispersivity values used for the
saturated-zone modeling yield conservative results for the dose assessment.

6 CONCLUSIONS

Numerical simulations are used to predict long-term migration rates of radionuclides forthe Area G
performunce assessment and composite analysis. Results of the calculations show that only the
three nonsorbing nuclides C-14,1-129, and Tc-99 reach the aquifer during the 1.000-vear compliance
period or the 10,000-year uncertainty period. Doses resulting from the aquifer concentrations of
these three nuclides are six or more orders of magnitude less than the performance objectives for
the site, As in any predictions of the long-term migration of solutes through the subsurtace, the
results of these transport simulations contain intrinsic uncertainty. However, even with thexe
uncertainties, predicted doses are so comfortably low that we do not expect that the uncertainties
described above can elevate doses to levels of concern,

These predictions require caleulations of trunsport through the vadose and saturated zones. The two
domains are simulated separately with the spatial and temporal flux leaving the vadose zone applied
as input to the saturated zone. Both domains use steady flow fields. A range of vadose-zone flow
rates were simulated in order to address the effect of uncertainty in the infiltration rate on aquifer
concentrations. All flow fields produced very low aquifer concentrations,

Numerical studies were used to better understand vadose-zone flow through the dry mesa-top
environment at Area G. These studies helped define the final model used to model flow and transport
through the vadose zone. The study of transient percolation indicates that a steady-flow
vadose-zone mode! is adequate for computing contaminant flux to the aquifer. The fracture flow
studies and the investigation of the effect of basalt and pumice properties helped us define appropriate
hvdrologic properties for the modeling, Finally, the evaporation study helped to justify low infilzration
rates.
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