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Yucca Mountain Repository Site' (SAND85-2701)

Dear Mr. Pohle:

Please find attached the review by Water, Waste and Land (WWL) of the NNWSI
document, "Preliminary Estimates of Groundwater Travel Time and Radionuclide
Transport at the Yucca Mountain Repository Site" by Sinnock (editor) et al.
(SAND85-2701). The review, prepared under Subtask 1.3 of Contract No.
RS-NMS-85-009, was developed by Mssrs. Tom Sniff and Lyle Davis and Dr. David
McWhorter of WWL. The document review has received managment and technical
review by Mark Logsdon of Nuclear Waste Consultants.

The Sinnock paper presents a probabilistically-based approach to computing
ranges of possible groundwater travel times and radionuclide fluxes based on a
deterministic flow framework, using a Monte Carlo approach to varying
parametric input from the statistically derived ranges. The NNWSI framework
is of steady, downward flow in the variably saturated region from the edge of
the disturbed zone to the water table. The document review summarizes the
Sinnock material in substantial detail, to allow NRC and other interested
parties to follow the outlines of the NNWSI argument without having to consult
the original text, at least initially.

The WWL review team consider that the Sinnock document is well presented and
that the conceptual approach utilized by NNWSI is valid. They note that the
probabilistic approach provides a defensible mechanism for evaluating
incomplete knowledge of spatially ranging values, and WWL points out that the
preliminary results correspond well with the results of the simple,
deterministic evaluations presented in WWL's Subtask 1.5 reports. WWL
expresses concerns with the availablity and interpretation of data that are
needed to implement the NNWSI approach, raising particular concerns with the
following areas of information:
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o Percolation Flux
o Effective Porosity of the Matrix and Fracture Porosity
o Correlation Length
o Coupling of GWTT Results and Radionuclide Transport

There is one matter in the WWL review with which the NWC staff does not
necessarily concur. On page 4, paragraph 3 of the attached WWL review, the
WWL authors state:

... Calculations were performed for correlation lengths of 1, 10
(baseline), 50, and 150 feet. The upper limiting case
investigated was for a correlation length equal to the unit
thickness. The variance in travel times was found to increase as
the correlation length increased. As the authors point out, this
demonstrates the necessity to determine correlation length by
carefully designed testing programs during Site Characterization.
(Emphasis added by NWC)

It is entirely expected that the variance would increase with the correlation
length; however, the variance of the GWTT is not the performance measure of
concern to the NRC. The licensing issue is whether there is reasonable
assurance that the GWTT exceeds 1,000 years. It is entirely possible that a
situation could exist in which the variance is large (corresponding to a
standard deviation of, say, several thousand years), but that the mean travel
time is so high (say, 10,000 years) that only a very small probability exists
that the GWTT would be less than 1,000 years. The matter of concern to the
NRC at any site is not the uncertainty in the GWTT per se, but rather the
uncertainty in the decision with respect to compliance with the licensing
regulation. Thus, NWC considers that it is premature to state that it is
necessary to collect highly precise information on correlation length until
one can reasonably assess the impact of that source of uncertainty on the
decisions that need to be made with respect to the performance measures that
are stipulated in Part 60.

Nuclear Waste Consultants
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NWC is discussing this matter with WWL to determine better what the impact of
the sensitiztv. of GWTT to correleation length is with respect to decision
making on the GWTT performance objective. NWC and WWL will be prepared to
discuss this matter with you next week in Washington, at the scheduled
Contractor meeting, and to follow up this review and cover letter with
additional written documentation, as required.

If you have any questions about the WWL document review, please do not
hesitate to contact me or Mr. Davis at WWL.

Respectfully submitted,
NUCLEAR WASTE CONSULTANTS

Mark J. Logsdon, Project Manager

Att: Document Review - SAND85-2701, Sinnock et al., 1986

cc: US NRC - Director, NMSS (ATTN PSB)
DWM (ATTN Division Director)
Mary Little, Contract Administrator
WMGT (ATTN Branch Chief)

M. Galloway, TTI
J. Minier, DBS

bc: L. Davis, WWL

Nuclear Waste Consultants
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October 28, 1986

Mr. Mark Logsdon
Nuclear Waste Consultants Inc.
8341 South Sangre de Cristo Road, Suite 6
Littleton, CO 80127

Dear Mark:

Enclosed is the formal review for SAND85-2701 authored by Sinnock, et al. The
paper was reviewed by Tom Sniff, Dave McWhorter, and myself. In general, we
all liked the approach taken by the authors very much. We, therefore, feel
that we should try to develop a similar tool for our use in estimating travel
times and cumulative flux. Unfortunately, we do not have access to the
geologic data base on which the geometric and geologic inputs to the model were
based. However, the data is available and I have done some rudimentary work on
getting the program presented In the paper to work. I believe it will provide
an excellent starting point for a more thorough treatment of the GWTT issue at
Yucca Mountain.

Please review the enclosed report and forward it to Jeff
Feel free to contact us if you have questions or comments.

Sincerely,

WATER, WASTE AND LAND, INC.

Pohle at the NRC.

cAOiDo---.---

Lyle A. Davis, P.E.
Project Manager

LAD:dml
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Creekside Two Building, 2629 Redwing Road, Suite 200, Fort Collins, Colorado 80526 (303) 226-3535



U.S NUCLEAR
DIVISION

REGULATORY COMMISSION
OF WASTE MANAGEMENT

REVIEW OF
PRELIMINARY ESTIMATES OF GROUNDWATER TRAVEL

TIME AND RADIONUCLIDE TRANSPORT AT THE YUCCA
MOUNTAIN REPOSITORY SITEm

SINNOCK ET AL

(SAND85-2701)

TECHNICAL ASSISTANCE IN HYDROGEOLOGY
PROJECT B - ANALYSIS

RS-NMS-85-009

OCTOBER 31, 1986



-Document Review
WWL #4001

SAND85-2701
October 27, 19861

1.0 INTRODUCTION

WWLNUM: 229

DOCUMENT NO.: SAND85-2701

TITLE:

AUTHORS:

"Preliminary Estimates of Groundwater Travel Time
and Radionuclide Transport at the Yucca Mountain
Repository Site"

Scott Sinnock (editor), Y. T. Lin, M. S. Tierney,
and others

PUBLICATION DATE: Not Available

REVIEWER: Water, Waste & Land, Inc.

DATE REVIEW COMPLETED: October 28, 1986

SCOPE: General review of concepts and methods emphasizing
theoretical considerations and assumptions.
Specific review with respect to input data.
Reviewed in the context of support of licensing
activities.

KEY WORDS: Pre-emplacement Groundwater Travel Times;
Radionuclide Annual Release Rate; Unsaturated Flux;
Probabilistic Approach; Groundwater Travel Time
Distributions; Correlation Lengths

DATE APPROVED:



-Document Review SAND85-2701
;IWWL #4001 2 October 27, 1986

2.0 SUMMARY OF DOCUMENT AND REVIEW CONCLUSIONS

2.1 SUMMARY OF DOCUMENT

This report was developed in response to criticisms of the draft EA

cumulative release calculations, which were based upon single deterministic

values of groundwater velocities. The techniques presented in this paper

account for some of the variability in coefficients affecting groundwater

travel time (GWTT) and thus radionuclide transport. A probabilistic approach

based on a deterministic framework is used to obtain statistical distributions

of GWTT.

Only steady, downward flow in the unsaturated region is considered in the

analyses. The authors assume that the disturbed zone extends 50 meters beneath

the repository and that the flow regime under study includes the region from

the bottom of the disturbed zone down to the water table. Under conditions of

steady, unsaturated, downward flow a unit gradient exists and flow occurs in

response to gravity. The authors state that GWTT under these conditions is a

function of flux, effective porosity, and distance of vertical flow since

hydraulic conductivity adjusts to a value equal to the imposed flux, pressure

head is relatively uniform In space, and saturation Is a function of the flux.

The Brooks-Corey equations (1966) are used to describe the relationship between

flux, hydraulic conductivity and moisture content.

The mathematical model used in the GWTT calculations requires the

saturated hydraulic conductivity (Ks), effective porosity (ne), residual

saturation (Sr), and the Brooks-Corey exponent (e) of the matrix as well as the

effective porosity of the fractures (nf) for each element considered in the

calculations. It is assumed that the matrix saturated hydraulic conductivity

and the matrix effective porosity are random variables. The values of these

two parameters are determined using Monte Carlo techniques with statistical

distributions as input. The value of the Ks so determined is then compared to

the amount of flux. If the flux exceeds a set percentage of the saturated

matrix conductivity, the excess flux is assumed to flow through the fractures.

Fracture flow velocities are then calculated by dividing the excess flux by nf.

The model treats the parameters Sr and e as constants within each hydrogeologic

unit although their values vary between the units. The values of these

parameters were estimated based on available water retention curves for each

hydrogeologic unit. The value of nf was assumed constant and equal to 0.0001

across the entire vertical section.
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The authors define a statistical concept termed the correlation length, p,

which relates the variability of the hydraulic parameters to some length. As

defined, the correlation length is the minimum distance between two points at

which the co-variance of a spatially dependent random variable vanishes. The

authors also state that the vertical correlation length, pvs is probably less

than the horizontal correlation length, Ph, for the vertically stratified tuff

which exists at Yucca Mountain.

The model utilized in the calculations assumes that Ks Is log-normally

distributed with mean, IL, and variance, a, calculated from measured values of

Ks for each of the hydrogeologic units. In a similar manner, the effective

matrix porosity, ne, is assumed to be normally distributed with the mean and

variance estimated from measured porosity values for each of the units. It is

interesting to note that the computer program used in the calculations forces

the values of Ks and ne for each element to be within three standard deviations

of the mean.

The calculations were performed in a stepwise manner by dividing the

unsaturated zone into 963 columns extending from the bottom of the disturbed

zone to the water table. Each of the columns had a side length of 250 feet or

stated in terms of correlation length, Ph was held constant at 250 feet.

Within each of the 963 columns, each hydrogeologic unit was divided into m

elements each with thickness equal to the vertical correlation length, pv. The

calculations were performed for five values of pv ranging from 1 foot up to the

unit thickness with 10 feet representing the baseline case. Each of the 963

columns was thus divided into several elements and the large number of columns

allowed the investigators to maintain a realistic framework for the

computations and estimate the travel times throughout the planned repository

area.

For each element within a column, the computations are initiated by

randomly selecting a value of Ks from the appropriate distribution for the

hydrogeologic unit in which the element is located. The value so determined is

then compared to the given flux, q. If q is less than 95% of Ks, it is assumed

that all flow occurs in the matrix; if q is greater than 95% of Ks, the amount

of flow which occurs in the fracture, qf, is set equal to the quantity q-

0.95KS. In the event that fracture flow occurs, the groundwater velocity in

the fracture, Vf, is determined by dividing qf by the fracture porosity, nf.

The travel time across the element under fracture flow conditions is simply the
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value of Pv divided by vf. Calculation of matrix travel times across each

element Is initiated by randomly selecting an effective porosity, ne, from the

appropriate distribution for the unit in which the element is located. The

value of matrix flux, qm, is set equal to q or 0.95Ks depending on which is

greater. The groundwater velocity in the matrix, vm, is then calculated with

the Brooks-Corey expression:

vm = (1)

ne (qml) I

The matrix travel time is then calculated by dividing Pv by the value of vm.

The smallest of the two travel times so calculated is taken as the minimum

travel time for that element. The minimum travel time across the entire column

is the sum of minimum travel times calculated for all the elements within the

column. This process is completed for each column within the flow regime

giving a distribution of travel times.

Results of the baseline case (pv = 10 feet, q = 0.5 mnv/yr) are presented

along with a sensitivity analyses. Conclusions reached by the authors for the

base case were that travel times increased from a minimum at the northeastern

edge of the repository to a maximum at the southwestern edge and that multiple

realizations are required to achieve reasonably good predictions of the GWTT

distribution. The results of the base case show "that no radionuclide will

reach the accessible environment prior to 10,000 years, the time period

stipulated for controlled releases by EPA Standards." The authors also point

out that further refinements in the model may be warranted as the understanding

of the relationship between fracture and matrix flow is enhanced.

The sensitivity analyses consisted of evaluating the effect of changes in

vertical correlation length, pv, Imposed flux, q, matrix saturated hydraulic

conductivity, Ks, and matrix effective porosity, ne. Calculations were

performed for correlation lengths of 1, 10 (baseline), 50, and 150 feet. The

upper limiting case investigated was for a correlation length equal to the unit

thickness. The variance in travel times was found to increase as the

correlation length creased. As the authors point out, this demonstrates the

necessity to determine the correlation length by carefully designed testing

programs during Site Characterization.
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To investigate the effect of flux on the travel time distributions

obtained, calculations were performed for flux values of 0.1, 0.5 (baseline)

and 1 mm/yr. As might be expected, this analyses indicates that the results

are very dependent on the amount of flux imposed. However, the results

indicate that the 1,000 year requirement would probably be satisfied under a

flux of 1 mm/yr or less. This points to the need to develop a defensible

estimate as to the amount of flux which currently exists at the Yucca Mountain

site.

The effect of matrix conductivity was investigated by varying the value of

the standard deviation of the logarithm of the hydraulic conductivity for each

of the hydrogeologic units. The authors conclude that, as might be expected,

travel time is extremely sensitive to variations in Ks. Therefore, it is

important to obtain enough measurements of this parameter during Site

Characterization so that its variability is adequately described. A similar

analyses conducted on effective matrix porosity revealed that the groundwater

travel time distributions are not as sensitive to this parameter as they are to

the others.

While the procedures and methods utilized In the GWTT calculations were

theoretically developed and justified, the authors state that they did not have

time to rigorously couple the radionuclide transport portion of the

calculations to the results of the GWTT calculations. While they did present

equations and procedures by which the two processes could be coupled, the

approach was not used. The approach used was to assume that the GWTT

distribution could be approximated with a normal distribution so that the

cumulative radioactive release could be calculated. The authors state that

such an approach is probably conservative for the first 10,000 years after

repository closure. The results obtained indicate that EPA release criteria

can be met at the Yucca Mountain site.

2.2 SUMMARY OF REVIEW CONCLUSIONS

All members of the document review team thought that the paper was well

written (although the copies which we were given were of poor quality,

particularly the figures) and that the approach utilized was valid. The

probabilistic approach to predicting GWTT provides a mechanism by which one can

statistically evaluate a range of travel times in a straightforward and

efficient manner. In addition, the results presented correspond well with
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calculations that we have made, although our approach did not include the Monte

Carlo techniques so that we evaluated single values of travel time based on

average parameters.

A coamnon concern which was voiced by all members of the review team was

the fact that the correlation lengths were essentially guessed. While the

authors present results that indicate that the travel time is somewhat

sensitive to large pvb the results were not as sensitive to reasonable values

of pv (1 to 10 feet). Obtaining the data necessary to support a value should

therefore be an important aspect of the Site Characterization Plan. The

authors present very little information regarding the physical significance or

assumed value of Ph.

Another potential problem area occurs through the use of a constant value

for fracture porosity, nf. This reinforces the observation that the actual

value of nf is not known with any degree of confidence for any of the

hydrogeologic units at Yucca Mountain. While measurement of nf is difficult in

the unsaturated rocks at the site, some justification of values used in the

calculations are probably warranted.

Finally, the authors use a value of 0.5 mm/year as the baseline or best

estimate as to the value of flux which is occurring at Yucca Mountain. As

always, it is very difficult to justify any value of flux and the estimate as

to the actual value is very subjective. Additional data, which would allow a

more objective estimate of this crucial parameter, would be very valuable.
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3.0 SIGNIFICANCE TO THE NRC WASTE MANAGEMENT PROGRAM

Using a number of simplifying assumptions, the performance of the Yucca

Mountain repository is assessed relative to groundwater travel time and

cumulative radioactive releases. This is Important in that the pre-emplacement

travel time must be shown to be greater than 1,000 years in order to license a

repository. The methods presented in this report allow GWTT distributions to

be easily calculated. Therefore, the results presented allow a starting point

for evaluation of compliance with the 1,000 year rule. In addition, EPA

regulations limit the amount of radioactivity which may be released after

closure of the repository. The methods presented allow repository performance

with regard to releases of radioactive material to the accessible environment

to be assessed.

To the best of our knowledge, this is the first attempt at a probabilistic

approach to GWTT estimation at the Yucca Mountain site. Because of the

uncertainty Involved in any calculations, we feel that this approach is

superior to the strictly deterministic approach which has been presented by DOE

in the past, since it provides some measure of the range of values one might

expect in the GWTT estimates. While there is certainly room for improvement in

the model which is described in this paper, it seems to be preferable to the

previously used mathematical models for GWTT.

Finally, the results presented in this document provide some insight into

the types of testing which would be most beneficial during Site

Characterization. This is important to insure that licensing decisions are

based on as complete a set of data as possible. Careful review of the Site

Characterization Plan by the NRC is envisioned to insure that these data are

collected.
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4.0 DETAILED REVIEW (Problems, Deficiencies and Limitations)

The report under review was prepared to support groundwater travel time

estimates which were presented in the Environmental Assessment for the Yucca

Mountain site. The results supplement work previously performed by the DOE

regarding GWTT. The results obtained can be considered improved versions of

work previously conducted and documented by DOE. Most of the previous

estimates of GWTT have involved rigorous mathematical models of fracture-matrix

flow and have been deterministic in nature. The work presented in this report

is based on a much simpler mathematical model, although conceptually the model

is very similar to previous models, and a Monte Carlo approach to developing

GWTT distributions. In general, we conclude that the approach seems to be

valid and appropriate. Our principal areas of concern primarily relate to the

availability and interpretation of data.

4.1 PERCOLATION FLUX VALUE

As stated previously, the authors assume a percolation flux of 0.5 mm/year

occurs from the bottom of the disturbed zone to the water table. The evidence

to support this value is based pretty much on 'expert judgement' although some

references which use indirect methods to justify it are provided.

Unfortunately, measurement of the flux value may prove to extremely difficult,

if not impossible. Therefore, the DOE should attempt to develop methods of

indirect measurement of this important parameter. It seems that until a value

of the flux is determined with a great deal of certainty, it will be very

difficult to fully justify any estimated travel time.

4.2 EFFECTIVE POROSITY OF THE MATRIX

According to the authors, the effective porosity distribution of the

matrix materials, ne, was estimated using the following equation:

ne ' nb (1 Sr) (2)

where nb = mean value of bulk porosity of samples analyzed for each unit

Sr = mean value of residual saturation for each unit.
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It is also implied that a population of ne values was obtained using the mean

residual saturation along with the population of bulk porosity values. It is

not clear as to which method was actually used although some relatively simple

calculations indicate that the latter approach was actually used.

The approach to estimation of effective porosity would probably be

strengthened somewhat by using the statistical distributions of both bulk

matrix porosity and residual saturation along with the Monte Carlo techniques

to calculate an effective porosity. In this manner, the properties of both

parameters could be preserved in the estimation of effective porosity. Because

it is likely that residual saturation is strongly correlated with bulk porosity

it may be necessary to use a correlated model for this portion of the

mathematical model. Undoubtedly, additional residual saturation data is

required to make this approach statistically valid.

It should also be noted that Eq. 2 assumes that water at saturations less

than the residual is immobile. Laboratory evidence suggests that this is not

the case. In sands where Sr is in the range of 0.15 to 0.20, experimental data

show that the seepage velocity should be calculated with the entire liquid

content. There probably is some immobile water (dead end pores, etc.) in most

porous media, but Sr does not provide a good measure of that water. However,

the use of Sr to calculate local velocities results in travel times that are

longer than if the bulk matrix porosity is used.

4.3 FRACTURE POROSITY

In the model used to calculate the GWTT distributions, the fracture

porosity was held constant at 0.0001. While it is realized that this was

required due to the paucity of data, it is highly unlikely that the value of nf

is constant across all of the units. The value used is an assumed value and

emphasizes the need to collect additional information which will allow the

actual value of fracture porosity to be estimated. In the final analysis, it

is likely that this parameter will show substantial variation from unit to unit

and possibly within an individual unit.

4.4 CORRELATION LENGTH

While the concept of a correlation length appears valid as a means to

subdivide the flow field, there has been no work of which we are aware which

theoretically or experimentally demonstrates the physical significance of such
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a parameter. It would appear that a substantial amount of data would be

required to determine the values of the correlation lengths. While this may

not be difficult in the vertical direction since a large number of samples can

be collected from each drill hole, it is unlikely that enough information can

be obtained to determine the actual value of the horizontal correlation length.

Another question which remains unanswered is whether a single correlation

length is appropriate for each of the parameters or whether a separate

correlation length will be required for each parameter. In other words, does

the correlation length represent a coupling that allows the value of one

parameter, say Ks, to limit the possible ranges of the other parameters, ne for

instance? Another concern which should be addressed is how fracture patterns

and densities figure into the estimation of the correlation lengths.

While the sensitivity of the solution to the value of Pv was investigated

by the authors, no sensitivity analysis of ph was attempted. Intuitively, It

seems that the results would not be very sensitive to this parameter. However,

it would probably be worthwhile to investigate this concern further. In

addition, the physical significance Of Ph is more difficult to qualitatively

justify than is that of pv. Along these same lines, it is Important to note

that in the model used to obtain the travel time distributions, water which

starts in one vertical column is not allowed to move into an adjacent column.

Is this due to the horizontal correlation length or merely for computational

convenience?

4.5 RADIONUCLIDE TRANSPORT

It should be noted that the primary reason that cumulative releases of

radionuclides to the accessible environment are small is the large travel times

which result from the GWTT model. As with previous papers regarding this

subject, many of the radioactive species which exist in the waste matrix are

neglected because of large retardation factors. While these factors may be

appropriate for flow through the matrix, the application to fracture flow is

uncertain.

It is unfortunate that the authors did not have time to fully couple the

GWTT model with the cumulative release model. The results from such a model

would have eliminated some of the uncertainty due to the assumption of a normal

travel time distribution.
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5.0 RECOMMENDATIONS

We believe that the model used In these calculations has promise as a

useful tool In evaluation of GWTT at the Yucca Mountain site. We therefore

recommend that the NRC work toward development of a similar model for use in

checking DOE calculations. When fully developed, such a model could be

extremely useful In evaluating which parameters are most critical in the

determination of GWTT distributions and the cumulative releases to the

environment.

Additional information regarding the coupling of various parameters would

also be very useful. Intuitively, one would expect porosity and permeability

to be correlated. If these correlations can be established, It would probably

provide a more realistic model to couple such parameters. Such an approach

would prevent certain elements from having a large matrix conductivity but a

low porosity value.

Fracture porosity data should also be collected. It is realized that

obtaining such data in the unsaturated zone is complicated. However, the

current values which are available are little more than educated guesses.

Additional theoretical or experimental work is definitely needed to further

refine the estimated value of this parameter.
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