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Note: The analyses contained hercia have been conducted under the following SNL Quality Assurance Roc6dures: 

QAIP 2-4 Rev. 4: Conducting and Documenting AnalyseslCalculations 
QAIP 6-2 Rev. 5: Preparing, Reviewing and Issuing Technical Information Documents 
QAIP 17-1 Rev 4: Creating, Rotating and Processing Submitting CRWM Records 
QAIP 17-2 Rev 4: Processing of Technical Data on the Yucca Mountain Site Characterization Rojact 

The data generated in this study are not qualified unless otherwise noted. The codes used in the analyses ('I'OUGHZ (SNL v3.1.1 and v3.1.2) and FEHM) 
were not configured to the latest revision (Rev. 4) of SNL QAIP 19-1 (Software Quality Assurance Requirements) at the time the analyses were 
conducted. -cation of the codes is cumntly underway. This web document (Y0708-98) has been approved by TRWlSIG for public release. 

Purpose of this Web Site 

The objective of this web site is to provide a real-time communication tool for multi-organizational participants of the Y& Mountain 
Project during the development of unsaturated-zone (UZ) flow and transport models for Total Systems Performance Assessment 
(ISPA) calculations for the Viability Assessment (TSPA-VA). 'Ihis web site chronologically documents numerical simulations and 
sensitivity analyses that support some of the bases, approaches, and decisions regarding the methodology that will be used for flow 
and transport calculations in TSPA-VA. 

Abstract 

A comparison study is being performed to determine the feasibility of performing two different options for TSPA-VA calculations of 
radionuclide transpoh The first option consists of performing the flow calculations with TOUGH2 (Pruess, 1991,1987) and 
p m s i n g  the output files for transport calculations using the FEHh4 particle tracker (Zyvoloski et al., 1995; Robinson et al., 1997). 
The second option consists of using properties generated by a calibrated TOUGH2 model in FEHM simulations of both flow and 
transport. 

The two options arose from the nature of the responsibilities that have been assigned to Lawrence Berkeley National Laboratory 
(LBNL) and Los Alamos National Laboratory (LANL) within the Yucca Mountain Project (YMP). LBNL is currently responsible for 
the development and calibration of the UZ site-scale model of Yucca Mountain, while LANL has been responsible for the 
development of flow and transport models of Yucca Mountain. The two options described above reflect the use of different 
combinations of individual responsibilities to develop flow and transport models for TSPA-VA. 

The suite of simulations presented in this web site show that both options are viable methods to provide flow and transport, 
calculations for TSPA-VA. However, to maintain consistency with the 3-D UZ site-scale model and data set that have been calibrated 
using TOUGH2, a decision was made to use TOUGH2 to simulate UZ flow fields while using FEHM as a particle tracker to simulate 
radionuclide t~ansport within those flow fields. 

Additional findings regarding the numerical weighting schemes used in TOUGH2 and FEHM were also revealed. A modified 
upstream weighting scheme will be used to simulate the UZ flow fields to most accurately account for flow between vitric and zeolitic 
matrix units. 

The remainder of this web site describes a systematic comparison of options 1 and 2 starting with 1-D simulations and finishing with 
2-D simulations. Discussions, data, and plots of the findings are also presented. 

1-D Flow and Transport Simulations 

As a first step, the participants agreed to look at a 1-D model of borehole SD-9. Properties (4t29197) that were estimated from inverse 
simulations using ITOUGH2 were obtained from LBNL (Bodvarsson et al., 1997) (see Dble U. The fracture-matrix conceptual 
model consists of using upstream saturation as a multiplier for fracture-matrix flux in the non-welded units and upstream relative 
permeability as a multiplier for fracture-matrix flux in the welded units (refer to Ho (1997) for more information on fracture-matrix 
interaction models). l[be base-case infiltration is assumed to be 3.6 mmfyear at SD-9. 



Option 1 l-D Flow Results 

'Ihe results include fracture and matrix saturations (Firmre, normalized fluxes 5 r e  21, and fracture-matrix flux interactions 
(Fieure 3). For each set of results, two simulations are presented: one in which the top of the Calico Hills is zeolitic, and one in which 
the top of the Calico Hills is vitric. Although SD-9 contains a vitric layer just beneath the basal vitrophyre, the original SD-9 column 

i from LBNL did not contain a vitric unit there-only a zeolitized one. This was attributed to the fact that the column was extracted from 
a 3-D model, and the coarseness of the 3-D model prevented inclusion of the vitric unit there. Nevertheless, the l-D column was fine 
enough such that the top of the Calico Hills, represented by an element using chlz properties, could simply be replaced with an 
element using chlv (vitric) properties without violating the structure of SD-9. 

The results show that the inclusion of a vitric layer causes the matrix saturation at that element to be lowered significantly because of 
its increased permeability. This lower saturation matches the observed data better. Also, the inclusion of a vitric Calico Hills unit 
causes the flow to be transferred almost entirely to the matrix in that region. Without the vitric layer, the flow stays primarily in the 
fractures. These results indicate the importance of including the proper strata in the Calico Hills for transport calculations. It also 
supports the validity of the LBNL estimated properties and the use of those properties in models that are more refined than the mesh 
in which the properties were generated. 

A TOUGH2 simulation has also been performed using a refined 1-D mesh at SD-9 (5127197). The refined 1-D mesh contains 91 
matrix elements and 91 fracture elements and was generated using a pre-processor written by Susan Altman of SNL. The same 

' base-case properties and fracture-matrix models were used as in the previous cases. The results are similar to the results of the LBNL 
mesh using a vitric element at the top of the Calico Hills. The simulated fracture and matrix saturations are shown in along 
with observed matrix saturations at SD-9. The flux values are somewhat different as shown in &?we 5, with less water partitioned 
into the matrix units of the Calico Hills. Also, it should be noted that the inclusion of a vitric unit in the LBNL coarse mesh was done 
by simply "swapping" the chlz element with a chlv element. Therefore, the vitric layer in the coarse model is larger than in the 
refined mesh. Finally, the simulated fmcture-matrix fluxes of the refined mesh cannot be directly compared with the results 
of the coarser mesh because the refined mesh used a smaller vertical cross-sectional area and, hence, resulted in smaller mass flows. 
The infiltration rates for the coarse and refined meshes are 7.76e-4 kgls and 2.85e-6 kgls, respectively. These both correspond to 3.6 
mndyear. While the results of the coarse and refined meshes cannot be compared directly, they both indicate that the inclusion of a 
vitric layer allows greater partitioning of flow from the fractures to the matrix. 

The borehole matrix saturations of SD-9 shown in Figures 1 and 4 have been qualified under DTN: GS950408312231.004. 

Option 1 l-D Transport Results 

Radionuclide iransport simulations have been carried out on the TOUGH2 simulations described above. The p d m  for 
performing the transport calculations was as follows: 1) produce ID, dual permeability flow field data and grid information from the 
TOUGH2 flow simulations; 2) post-process these results to generate FEHM input files that contain the flow field and grid 
i n f o r m a t i o ~ r f o r m  particle tracking simulations with W1M using the flow field from the TOUGH2 simulation, without 
invoking s flow simulator. From a "code capabilitiesn standpoint, the results illustrate that this process has been implemented 
and that this method of performing radionuclide transport calculations is feasible. Some of the processing software used for this test 
study was written specifically for onedimensional grids, and thus for more complex model geometries, more general conversion 
software must be developed. This will be a straightforward task compared to the revisions to FEHM required to accept the flow 
fields. Thus the majority of the up-front work needed to provide this option is complete and tested. 

Details of the iransport simulations are: particle tracking, 500,000 particles for each radionuclide; instantaneous (pulse) release of 1 
mole of radionuclide at t = 0; advection and matrix diffusion @ = 1.e-11 d s ) ,  no hydrodynamic dispersion; for Tc-99, no sorption; 
for Np-237, Kd = 2.5 cclg in zeolitic units, 0 elsewhere. 

Fipure 2 shows the breakthrough curves at the water table for Tc-99 and Np-237 for the case in which the first vitric Calico Hills unit 
(chnlv) is not present. Because the flow is fracturedominated from the repository to the water table, very short travel times are 
predicted. Np-237 exhibits longer travel times and a lower peak due to diffusion into the matrix and sorption on the zeolitic tuffs. 

illustrates that when the chnlv unit is included, the transition to matrix-dominated flow results in much longer travel times 
for non-sorbing and sorbing radionuclides. The bi-modal breakthrough curve is a result of the relative partitioning of flow and 
transport in the fractures and matrix of the zeolitic tuffs. The two hydrologic cases are compared directly in for Tc-99 and 
-re 1Q for Np-237. The influence of the relatively thin chnlv unit is dramatic (2 to 3 orders of magnitude longer peak travel 
times). These conclusions are tentative since the "Refined grid" simulations shown in Figures 9 and 10, which included the chnlv 
unit show that it is possible that the level of grid refinement employed in the results of Figures 7 and 8 was insufficient to capture the 
msport simulations accurately. The conclusion is uncertain at present because the refined grid case has a different thickness for the 
chnlv unit than the coarse grid result to which it is compared. Therefore, we do not know how much of the difference is due to 
insufficient grid resolution and how much is att~ibutable to the different layer thicknesses. Future simulations should be carried out to 
address this issue. At this point, the results demonstrate the potential of relatively thin, non-welded hydrogeologic units to convert ' 

fracture flow into matrix flow, with corresponding large improvements in predicted performance of the UZ transport bamier. 



Option 2 1-D Flow and Transport Results 

Option 2 consists of using the hydrologic parameter set determined from the analysis of borehole fluid saturation data as input to an 
FEHM simulation of flow and transport This required that the weighting schemes for determining the fracture-matrix coupling be 
implemented into FEHM. Both the upstream relative permeability weighting and the upstream saturation weighting models have now 
been incorporated into FEHM and the flow and transport results presented below use these weighting schemes. In FEHM, the 
weighting factor for the saturation model is SANS where N is a power of 1 or greater. In this study, N=l is used in the saturation 
weighting model for the nonwelded units, and the relative permeability weighting is used in the welded units, as specified in the 
inversion to obtain the parameter sets. 

Figure shows the computed matrix saturations using FEHM, along with the TOUGH2computed saturation profile (the TOUGH2 
simulation on the refined grid is shown in this and subsequent plots). The very close agreement in the computed saturation profiles 
using the two codes is evidence of the equivalent implementation of the flow models in the two codes. The breaks in saturation 
profiles and the corresponding jumps in saturation levels are reproduced using FEHM to a high degree of similarity to the TOUGH2 
solution. There are slight differences at the interfaces of some hydrologic units that should be explored further so that they may be 
more fully understood. However, based on this comparison of matrix saturations (the primary data set used in the inversions), FEHM 
simulations will maintain the calibration achieved using the TOUGH2 code as long as the same hydrologic parameter sets are used. 
Therefore, option 2 is seen to be a viable method for TSPA-VA. 

There are other model results such as fracture saturation and relative flow rate through the fractures and matrix that are useful to 
compare for consistency even though they are solely computed quantities for which no direct comparison to data is possible. Note that 
these differences are irrelevant to the question of whether the models are calibrated, since we have already demonstrated the 
equivalence of the models with regard to matrix saturations. Nonetheless, agreement of the codes to this level will provide more 
confidence in the numerical implementation of both codes, and thus is desirable. m r e  1 1 also shows the computed fracture 
saturations of the two codes. Over most of the model, the agreement is excellent, with two exceptions. First, at interfaces between 
units in which the flow is transitioning between fracture and matrix flow, the FEHM simulations predict higher fracture saturations. 
This could be caused by slight differences in the implementation of the fracture-matrix weighting schemes, or subtle differences in the 
weighting schemes within a continuum. These possibilities should be investigated. 

Second, the fracture saturation throughout the Calico Hills and underlying units are different in the two models. The importance of 
this difference is seen more easily in I&JuLU, a plot of normalized flux in the fractures and matrix for the two codes. The fracture 
saturations, and more importantly the relative fracture fluxes are different throughout the Calico Hills unit. This difference will give 
rise to different performance of the UZ system with respect to radionuclide transport, and thus is important to understand. There was 
a difference in the thickness of the first vitric Calico Hills unit due to the method used to assign properties to this unit in the TOUGH2 
simulation. To check whether this difference accounts for the discrepancy in the models, an additional FEHM simulation was 
performed with a 4 m thick vitric layer (as opposed to 10 m). The relative fluxes in this region of the model are shown on an 
expanded scale in Emre 12. The FEHM solution with the 4 m thick vitric unit has a different behavior (the open circles in the figure), 
but the difference does not change the flow split in the underlying unit. Another possibility that was tested is that the differences are 
due to grid resolution effects. Rerunning the FEHM calculation on a coarse grid (not shown in the figures) ruled out this explanation 
as well. Further work is required to determine the nature of this discrepancy. but transport simulations presented below are first 
required to determine how much such differences are likely to matter for radionuclide migration. 

Transport results: A comparison of the water table breakthrough curves for the two sets of simulations is shown for Tc-99 in 
Eigure 14. The two transport simulations are for all intents and purposes equivalent. Both exhibit bimodal behavior caused by the 
flow split in the Calico Hills units between the fractures and matrix, and the breakthrough times and peak values for the two models 
agree closely. There is slightly more mass reaching the water table in the first peak for the FEHM model due the higher predicted 
fracture flow fraction in the Calico Hills. The arrival of the second peak is somewhat retarded relative to the TOUGH2 simulation, a 
consequence of the slower flow rate through the matrix for the FEHM calculation. Nonetheless, the agreement is quite close. Similar 
results for Np are shown in figure 15. The greater flow fraction in the fractures for FEHM is accentuated for Np237, resulting in an 
earlier first peak and higher peak value. Once again a check using a coarser grid showed that grid resolution was not the cause of the 
differences in the transport results. (Note: In a later section we show that the cause of the discrepancy is due to different numerical 
weighting schemes used in TOUGH2 and FEHM for the absolute and relative permeabilities.) - 

1-D Harmonic k TOUGH2 Results 

The TOUGH2 simulations reported in the Option 2 comparison have been re-run using harmonic-weighting for absolute permeability 
and upstream weighting for relative permeability. This is similar to the weighting normally used in FEHM. m r e  16 shows the 
fracture and matrix liquid saturations resulting from TOUGH2 and FEHM. The fracture liquid saturations are quite similar now, but 
the matrix saturations differ near the top of the TSw units. shows the normalized mass flow rates in the fractures and matrix 
resulting from TOUGH2 and FEHM. The revised TOUGH2 run now shows GREATER fracture flow in the CHn, whereas the 



fracture flow in the previous TOUGH2 simulation (using upstream k) was less in the CHn. This would presumably affect the 
transport results as well. It appears that the choice of either upstream k or harmonic k is rather important, and agreement must be 
made among participants. 

2-D Flow and Transport Simulations 

Previous compGlrisons have been restricted to 1-D columns along SD-9. We have recently completed a study using option 1 on a 2-D 
domain. A post-processor (T2FEHM.2) was written to take general, multidimensional flow fields from a TOUGH2 dual-permeability 
simulation and create re-start files for use in FEHM particle tracking. This successful study verified the feasibility of using option 1 
for multi-dimensional systems. 

Option 1 2-D Results Using Full Upstream and Harmonic Weighting 

A steady-state flow field was simulated using TOUGH2 on a 2-D east-west cross-section at a northing coordinate of 233,400 m 
(located in the middle of the repository). The 2-D mesh was created by Charles Haukwa at LBNL. The infiltration was distributed 
over the cross-section and was supplied by Alan Flint through LBNL. The mean infiltration over the cross-section was 8 mmfyear 
with a maximum of nearly 19 &year. The 2-D model had 2816 active matrix elements and 2816 active fracture elements. The 
domain was bounded on the west by Solitario Canyon Fault and on the east by Ghost Dance Fault. The single-phase (Richards' eq.) 
module EOS9 was used for the analysis. In addition, the base-- LBNL hydrologic properties (7/31/97) were used for the 2-D 
simulations (see Table 2) (Dm LB971100001254.002; TDIF: 306482). Note that these properties are different from the properties 
used in the 1-D simulations. See Eigure 18 for a plot of the model domain and infiltration. 

The steady-state TOUGH2 flow fields were post-processed and the resulting FEHM re-start files were given to Bruce Robinson for 
particle tracking. The mass flux at the water table vs, time is shown in EigjmiD, and the cumulative mass bdcthrough at the water 
table vs. time is shown in figure 8. In each figure, results are shown for Tc-99 and Np237. In addition, each figure contains 
results for two weighting schemes: 1) full upstream weighting, where both the relative and absolute penneabilities are upstream 
weighted, and 2) harmonic weighting of the intrinsic permeability in conjunction with upstream weighting of the relative permeability. 

Significant discrepancies exist between the upstream and harmonic weighting results. The differences are postulated to be due to the 
behavior of the flow at the interface of the calico hills vitric and zeolitic units. In the upstream weighting simulation, water flows 
mdily from the vitric matrix to the zeolitic matrix since the upstream values of the vitric units are used. However, the harmonic k 
weighting simulations result in water partitioning out of the vitric matrix and into the vitric fractures because of the extremely low 
conductivity at the interface of the vitric and zeolitic matrix units. The combiiation of the harmonic absolute permeability, which is 
strongly weighted towards the lower permeability of the zeolotic matrix, aad the upstream relative permeability, which uses the vitric 
matrix relative permeability, can be lower than the conductivity of either the vitric or zeolitic matrix units. As a result, Np-237 shows 
much earlier breakthrough in the harmonic weighting simulation because of increased flow through the fractures. A compromise 
between these two extreme weighting schemes is proposed in the next section that honors the saturated conductivity of the zeolitic 
matrix while maintaining the conductivity within the bounds of the zeolitic and vitric matrix units. 

Option 1 2-D Results Using Modified Upstream Weighting 

Yu-Shu Wu at LBNL proposed a modified upstream weighting scheme to address liquid flow at the interface of a vitric matrix 
overlying a zeolitic matrix. As discussed earlier, the full upstream weighting allowed a large flow of water into the zeolitic matrix, 
often exceeding its saturated conductivity. In addition, the harmonic weighting scheme potentially yielded conductivities at the 
vitridzeolitic interface that were lower than either of the two units. The proposed modified upstream weighting scheme uses upstream 
weighting everywhere except at connections where a vitric matrix overlies a zeolitic matrix. At these connections, downstream 
weighting is used for the absolute and relative permeabilities to honor the relatively low conductivity of the zeolitic matrix. This 
method is implemented in TOUGH2 by flagging these specific connection pairs and modifying the TOUGH2 code to use downstream 
weighting for flagged connections. These changes were made to the 2-D model described in the previous section, and an SNL 
modified version of TOUGH2 (t2v3.1.2) was used in the current analysis. No convergence problems were encountered. 

shows the results of the modified upstream weighting simulation. Two plots are presented that show the flux of Tc-99 and 
Np237 at the water table as a function of time for three weighting schemes: 1) modified upstream, 2) full upstream, and 3) harmonic 
k. Results show that the modified upstream results are similar to the harmonic k results, but more flow occurs through the zeolitic 
matrix as indicated by the secondary peaks in the breakthrough curves. The modified upstream case also shows that more water 
partitions into the vitric fractures (from the vitric matrix) than in the full upstream case, honoring the low conductivity of the zeolitic 
matrix. These features are better illustrated in the cumulative Np-237 breakthrough curve for all three weighting schemes in 
2. The proposed modified upstream weighting scheme is a compromise between the full upstream and hannonic weighting schemes 
and is thought to be more defensible from a physical standpoint. Therefore, the modified upstream weighting scheme will be used in 



UZ flow calculations for TSPA-VA. 

Enally, breakthrough curves at the water table for Tc-99 and Np-237 are compared between TOUGH2 (harmonic k) and FEHM 
(harmonic k) results. Recall that all previous results in this section were derived from TOUGH2 flow simulations. shows 
results from the TOUGH2 harmonic k simulation (see Figure 19) along with results from a FEHM simulation of a 2-D model located 
near the cross-section of the TOUGH2 simulations (the FEHM simulation was part of a recent LANL milestone (Robinson et al., 
1997)). The results show that the trends are quite similar for Tc-99 and Np-237, although the FEHM breakthrough curves are more 
diffuse relative to the TOUGH2 curves. This may be attributed, in part, to the different location and/or refinement of the grids. 
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