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Communication No. 73

U.S. Nuclear Regulatory Commission
Division of Waste Management
Geotechnical Branch
MS 623-SS
Washington, DC 20555

Attention: Mr. Jeff Pohle, Project Officer
Technical Assistance in Hydrogeology - Project B (RS-NMS-85-009)

Re: Reviews of Draft NUREG/CR-3964, 'Techniques for Determining Probabilities
of Events and Processes Affecting the Performance of Geologic
Repositories"

Dear Mr. Pohle:

Please find attached reviews by Drs. Daniel Stephens and Jim Yeh of Daniel B.
Stephens and Associates of the hydrology chapter of Draft NUREG/CR-3964,
"Techniques for Determining Probabilities of Events and Processes Affecting
the Performance of Geologic Repositories", which you directed NWC/DBS to
review under Subtask 3.3 of the current contract. Because of the importance
of multiple, independent input to the NRC Staff on the issue of stochastic
approaches to groundwater flow and transport, I directed Drs. Stephens and Yeh
to prepare independent reviews of the subject document.

The reviews have received technical and management review by Adrian Brown and
Mark Logsdon of Nuclear Waste Consultants, and the Gutjahr paper and the DBS
review were discussed at substantial length by Mssrs. Logsdon and Brown (NWC)
and Drs. Stephens and Yeh (DBS) during the NWC-DBS meetings of July 1-3, 1986.
The two DBS reviews cover much of the same ground, but the Stephens review
provides a broader analysis of the implications of the work for the NRC than
does the Yeh review, which includes more detailed, specific comments directed
to Gutjahr. The absence of a bibliography in the Yeh review, while
non-standard and not too helpful to you, will presumably not trouble Gutjahr
too much. However, we have asked Dr. Yeh to provide the citations for his
references, which will be forwarded to you promptly upon receipt.
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The reviews are quite extensive and detailed. The reviewers finds that, in
general, the discussions in the paper are of high theoretical technical
quality and represent the state-of-the-art in hydrologic modeling, presented
by one of the world's leading experts on the topic of application of
stochastics to hydrology. The reviewers have a variety of suggestions for
clarifying and elaborating on matters of practical concern if this article is
to be used as the basis for a Generic Technical Position.

NWC considers that a, perhaps the fundamental technical issue to be addressed
by the NRC hydrogeology team is the question of how the NRC Staff will assess
the certainty (or uncertainty) of DOE estimates of derived values such as
groundwater travel time and radionuclide flux (given what all will agree is a
relatively sparse data set and evidence for substantial spatial variability in
hydraulic and transport parameters). NWC can see no feasible, technically
sound alternative to using a statistically-based evaluation of likely
performance based on samples drawn from the true population. As Gutjahr (and
Stephens and Yeh) point out, there are several technically sound ways of doing
this. One of the matters to which very little attention has been given by
anyone to date is the question of data needs in the context of the NRC's
regulatory responsibilities. For examplegiven that a stochastic analysis
includes the use of correlation length, what is the sensitivity of output of
regulatory concern (i.e., GWTT or radionuclide flux) to correlation length?
That is, would the regulatory decision be any different if values ranging from
0 to infinity for correlation length were used? It is not possible to show
that there is a need (in the DOE/NRC program) for collection of data on
correlation length until one has done this basic data-needs analysis, and it
may be entirely possible to reach a satisfactory and fully defensible
regulatory position without any site-specific data on this parameter. NWC
considers that to proceed to technical positions on what kind and how much
testing is needed without this data-needs assessment is not a technically
sound approach for a regulatory team.

Therefore, NWC recommends that we be directed under Task 5 of the current
contract to prepare one or more technical papers addressing sources of
uncertainty in hydrologic investigations of the candidate sites, methods of
assessing uncertainties in output of regulatory concern, and data needs for
assessing those uncertainties within the framework of 10 CFR Part 60 and 40
CFR Part 191. We further recommend that this work be coordinated in some
suitable fashion with work being pursued by Williams and Associates and with
the staff of and contractors supporting the Performance Assessment Section of
WMRP. Finally, because we know (based on technical interactions within our

Nuclear Waste Consultants
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own group) that there are differences in approach and philosophy to this
matter within the NRC hydrology team, we recommend that the work be structured
and scheduled to include one or more meetings of all those concerned and that
the work be completed in advance of NRC receipt of the first Site
Characterization Plan.

If you have any questions about this review, please do not hesitate to contact
me.

Respectfully submitted,
NUCLEAR WASTE CONSULTANTS

Mark J. Logsdon, Project Manager

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

M. Galloway, TTI
L. Davis, WWL

bc: D. Stephens, DBS

Nuclear Waste Consultants
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July 8, 1986

Mr. Mark Logston
Nuclear Waste Consultants
8341 S. Sangre de Cristo Road
Suite 4
Littleton, CO 80127

Dear Mark:

Enclosed please find reviews by Jim Yeh and me on
NUREG/CR - 3964, "Techniques for Determining Probabilities
of Events and Processes Affecting the Performance of Geologic
Repositories." This review was requested by Mr. Jeff
Pohle. Please transmit this information to him as soon
as possible.

Yours truly,

Daniel B. Stephens
DBS/esj

encl: 2 Reviews

A"~ ~ ~~0 NEE ._NU .OORO NE.EIO881(0)853
600 NEEL AVENUE SOCORRO, NEW MEXICO 87801 4505} 835-3162
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REVIEW

Document: NUREG/CR - 3964, "Techniques For Determining

Probabilities of Events and Processes Affecting the Performance

of Geologic Repositories," R.L. Hunter and C. J. Marin.

Reviewer: Daniel B. Stephens

Date of Review: 30 June 1986

Summary of Review:

The chapter on hydrology is an excellent summary of the

state-of-the-art in determining uncertainty in flow and transport

modeling in porous and fracture flow. The paper generally

is not directed toward readers unfamiliar with the jargon,

and it contains few specific examples of the techniques

described. The chapter points out results of a few studies

which demonstrate that transport in porous media is better

characterized by stochastic models rather than deterministic

parameter-variation models. The chapter suggests that generic

data could be used in making predicts in order to minimize

the data collection effort. This reviewer disagrees with this

approach, if the stochastic methods are used as a primary means

to characterize uncertainty in solute concentrations at the

accessible environment and if generic data are used exclusive

of field measurements.

600 NEEL AVENUE SOCORRO. NEW MEXICO 87801 45051835-3162
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Although stochastic models may be attractive from a

theoretical viewpoint, the report does not address how to

characterize the correlation structure of the various

hydrogeologic units. This is an important design aspect relevant

to the Site Characterization Plan. Provided that it is practical

to determine the correlation length from field measurements

or estimate it from other data, uncertainty in flow and transport

could be predicted by stochastic models as recommended in the

report; however, neither stochastic nor the deterministic

parameter-variation models have been validated extensively

under field conditions.

The work described herein may not be directly relevant

to EPA standards in 10 CFR 191, unless "significant processes

and events" include characterization of geologic heterogeneity.

Review:

This review is directed at the chapter on hydrology.

The author of this section of the report, Dr. Alan Gutjahr,

is one of the world's leading authorities on stochastic processes,

particularly in hydrology. Dr. Gutjahr is a mathematician

by background who has acquired familiarity with problems of

groundwater hydrology primarily through extensive professional

association with colleagues. The tone of the chapter generally

is from a theoretical perspective. Much of the chapter consists

of a thorough review of literature pertaining to models used

to predict uncertainty.

~ DANIEL B. STEPHENS & ASSOCIATES, INC.
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The chapter on hydrology describes three groups. of models

used to determine probabilities of a particular hydrologic

occurence. The first includes deterministic models of porous

media flow. For example, these could be "T and S" type models

of a partial differential equation where the probabilities

of travel time through the system are determined by repeated

simulations in which the hydraulic properties are varied in

some way in each run. The second group includes stochastic

models of flow through porous media. Here the nature of parameter

variability is inherent in the formulation of the mathematical

problem, and the stochastic result could be based on the same

'IT and S" model. One needs to determine statistical parameters

such as mean, variance and spatial correlation length for the

hydraulic parameters. The correlation structure appears to

be the key element which distinguishes the deterministic

parameter-variation and stochastic model classes described

by Gutjahr. The correlation length normally is obtained by

making numerous measurements along transects (eg. cores,

geophysical logs) at closely spaced intervals in order to

determine the distance over which the measurements are

correlated. The measurements of the hydraulic properties

themselves are obtained by a deterministic method, however

.statistical methods are applied to these measurements to obtain

information such as mean, variance and correlation length for

use in the stochastic models. The third group includes

~ DANIEL B. STEPHENS & ASSOCIATES, INC.
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deterministic parameter-variation and stochastic models of

fracture media.

The chapter provides an excellent and up-to-date summary

of models used for evaluating probability. In general the

paper is well organized and well written, particularly for

an academic audience. However, the language may not always

be clear to the uninitiated reader and it may not be appropriate

for adoption as a Generic Technical Position (GTP). There

are few techniques which are actually described in sufficient

detail for direct use by the reader, in contrast to what one

may infer to be contained in the chapter by the title of the

document. For the purpose of developing a GTP on probabilistic

modeling in hydrology, the chapter could be improved with the

aid of a glossary to define all terms and many more samplified

examples to clearly demonstrate the various techniques.

The author points out that there may be only subtle

differences between deterministic parameter-variation models

and stochastic models. From this reviewer's viewpoint, an

attempt is made to explain the subtle nature of these

differences. In a one-dimensional horizontal simulation of

flow or transport, one could assign a single fixed value for

hydraulic properties throughout the layer, but because the

properties have some statistical variation or errors, one may

want to view the outcomes resulting from many different choices

for hydraulic properties. This is a form of Monte Carlo

simulation using a deterministic parameter-variation model.

~ DANIEL B. STEPHENS & ASSOCIATES, INC.



If hydrogeologic data suggest that the properties vary along

- the layer, the modeler could discretize the layer into zones

in which the hydraulic properties are fixed in each zone.

Again, the uncertainty in the outcome would be predicted by

Monte Carlo simulation, using some means of selecting parameters

for each of the zones in each simulation runs such as Latin

Hypercube Sampling. Becase measured data are available only

at discrete points along the layer, one is uncertain how to

interpolate between known values. Geologists know that the

rocks often have an inherent fabric, owing to depositional

environment for example, which can be quantified to interpolate

between known data points. The spatial correlation length

or scale refers to some distance along the layer or a transect

within which hydraulic properties are likely to be correlated.

For example, if one measures a large value of transmissivity

at a point, then at other points within a certain distance

of this particular location transmissivities are also likely

to be large. For measurements spaced at distances greater

than the correlation length, the measured parameters are likely

to be statistically independent. This is where stochastic

models are useful - they include the spatial correlation structure

which is inherent in the heterogeneous geologic fabric as a

means to quantify how the particular hydrologic parameter is

likely to vary. If all the hydrologic parameters were known

perfectly, we would not need to use stochastic models. We

would also not need the deterministic parameter-variation models

ts-~~-~~ DANIEL B. STEPHENS & ASSOCIATES, INC.
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because there would be no uncertainty in the database. Likewise,

as the database improves, the differences between the

deterministic and stochastic models may become negligible.

To predict the outcome when all data are known, a deterministic

numerical model of flow or transport would be used with no

parameter variations and no probability is involved. In the

numerical model, space is discretized into blocks or elements

within which hydraulic properties are assumed constant; thus,

it is ironic that if the database were perfectly known one

could not use all of the available data. If one discretized

the layer in the same one-dimensional system previously described

for the Monte Carlo simulation in such a way that the spatial

correlation of hydraulic properties was approximately preserved

between the various zones in each of the simulation runs, then

one would say that the result would be based on a stochastic

model; otherwise, the parameters in the adjacent zones are

independent and one would say that the result is from a

deterministic parameter-variation model. Both the deterministic

parameter-variation and stochastic models are designed for

predictions when the database is imperfect. The major difference

between the two models is that the stochastic models take into

account correlation length. For clarity, perhaps the two groups

of models should be referred to as: 1) Parameter-variation

models without spatial correlation structure, and 2) Stochastic

models, respectively.

-s_~~-~~ DANIEL B. STEPHENS & ASSOCIATES, INC.
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What is the relationship between spatial correlation

structure, numerical model grid size and sample size of measured

parameters? When all the data are known perfectly and the

site is then perfectly characterized, the outcome of a flow

or transport model would probably be predicted by a numerical

model which is very finely discretized into zones, and there

would be a hydraulic property measured within each zone or

block of the model mesh. In actual application however, this

reviewer believes that in some zones of the numerical model,

especially for modeling near-field phenomena or processes within

the accessible environment, the mesh may be finer than the

spacing between measured data points for purposes of computational

accuracy. Therefore, it does not seem practical as a general

procedure to match the spacing of field measurements to numerical

model grid size. One could instead infer the spatial structure

between locations of the measurements made during the Site

Characterization activities using either geostatistical

procedures, such as kriging if sufficient data are available,

or one could utilize inverse procedures applied to hydraulic

head values if these data are more abundant than transmissivity

measurements for example. The sample size obtained during

testing for spatial correlation should be much smaller than

the correlation length; large sample size would be desirable

to characterize the mean property when correlation length is

unimportant. One of the activities included in our subtask

3.5 may address the question of the significance of including

- - DANIEL B. STEPHENS & ASSOCIATES. INC.
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spatial correlation structure in models to predict uncertainty

in radionuclide transport and how this uncertainty can be reduced

with measured parameters. This is similar to the sensitivity

study recommended by Dr. Gutjahr on page 5-38.

Regarding the use of the proposed work on uncertainty

prediction for a GTP, it should be noted that field experiments

designed to generate an adequate (eg. Gelhar and Gutjahr, 1982)

database to evaluate the reliability of solute transport models

are just now in progress (Prof. Lynn Gelhar, MIT, personal

communication). The field experiment will test various stochastic

theories and models relevant to solute transport in an

unconsolidated stratified fluvial sand in Mississippi. Other

field test results of stochastic methods are considered

preliminary by this reviewer, and these methods are still confined

largely to use in academic circles. Because the models to

predict uncertainty have not been validated by field

experimentation in materials characteristic of the geologic

repository, it seems premature to conclude, as Dr. Gutjahr

does on page 5-2, that flow and transport models in porous

media are very accurate and have probabilities that can be

determined with "near certainty."

The use of generic data is suggested by Dr. Gutjahr as

a means of reducing the data collection effort required to

characterize statistical and stochastic elements of the repository

(page 5-18). For the assurance level required for licensing,

I would not recommend that NRC adopt such a strategy at this

~ DANIEL B. STEPHENS & ASSOCIATES, INC.
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time, unless the data were used in hypothetical model studies

which were of secondary significance in the approach to addressing

the probability issue. Most of the studies of spatial variability

in porous media have focused on unconsolidated materials, rather

than sedimentary rocks, fractured basalt, and unsaturated tuff.

Furthermore, there is little information available which relates

mathematically derived and tabulated values of scales or

correlation lengths (such as Table 5-3) to the geologic fabric.

In order to use stochastic models or deterministic models which

have parameters selected from probability distributions, on-site

and preferrably insitu data should be collected. On the other

hands sensitivity analysis with the stochastic models may be

very useful to determine the appropriate scale of measurement

and type of field test necessary in the site characterization

phase.

According to the report (page 5-17, paragraph 2), preliminary

indications are that the stochastic models may provide a more

conservative approach to solute transport which is the key

to addressing the EPA standards. Stochastic theory has indicated

the importance of quantifying the hydrogeologic fabric and

its relationship to macrodispersivity. The stochastic models

should not be discounted simply because they are not easy for

most hydrologists to use. An extensive data collection effort

will be required for any of the probabilistic models. However,

the manner in which field data are to be collected may depend

on whether the probabilistic models will be based on some

ws_~~-~~ DANIEL B. STEPHENS & ASSOCIATES, INC.
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measurement of correlation length. If correlation length is

not used, then measurements of hydraulic properties could be

random in space. Otherwise, regularly spaced intervals for

several tens to hundreds of measurements are usually preferred

to determine correlation length. Alternatively, a long-term

insitu tracer test may provide similar information, but the

correlation length may also vary in spaces depending upon the

size of the area characterized. The large number of test borings

required to determine correlation length may also jeopardize

the integrity of the site. Data needs and methods to characterize

correlation length are not discussed in the report. At depths

of thousands of feet, it may be prohibitively expensive to

require an extensive effort to characterize correlation length,

given the difficulty of insitu testing, cost of drilling and

state-of-the-art in probabilistic modeling at this time (i.e.,

predictions have not been validated extensively in a wide range

of geologic materials). I expect that stochastic models of

transport (eg. Gelhar and Gutjahr, 1982) may be more "user

friendly" and tested to a much greater extent within the next

five to ten years. This reviewer recommends studies to

demonstrate that there are clear advantages to including

correlation length in the formulation of the uncertainty analysis

for evaluating regulatory compliance. A choice then should

be made on whether there is sufficient basis to require data

collection for correlation length. However, if these studies

- - DANIEL B. STEPHENS & ASSOCIATES, INC.
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are complete, there is still the question of field validation

of the stochastic formulation.

The recommendation described by Dr. Gutjahr on uncertainty

in flow and solute transport appear to be reasonable. He

recommends the use of on-site data to augment the generic data

and estimates of correlation length. I suggest that, instead,

emphasis should be placed on collecting on-site data rather

than the use of generic data. I agree that conditional

simulations (i.e. simulations which assure that values of

parameters do not vary between trials at points where there

are measured data) should be included in the predictions in

order to optimize the use of field test data.

Relevance to Waste Management Prooram:

This document discusses various approaches which may be

employed to determine probability in hydrologic modeling, and

therefore it is highly relevant to addressing uncertainty in

radionuclide travel path, travel time, and concentration at

the accessible environment. The paper notes that predictions

of concentration by models of solute transport in groundwater

which use mean values for input parameters may have large errors

compared with stochastic models which incorporate the spatial

correlation structure, owing to the very large variances in

concentration expected at a regional scale. The report also

notes differences between the parameter-variation deterministic

approach and stochastic approach to determining probability,

~v-~~-~~ DANIEL B. STEPHENS & ASSOCIATES, INC.
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indicating that the latter is more conservative in the prediction

of the arrival of solute at a particular location.

EPA standards, in 10 CFR 191.13 regarding containment

requirements, states that "disposal systems...shall be designed

to provide a reasonable expectation, based upon performance

assessments, that cumulative releases.. .from all significant

processes and events...shall: (1) Have a likelihood of less

than one chance in 10 of exceeding the quantities calculated

according to Table 1..." What is meant by "processes and

events?" Processes or events may represent the occurence of

extremely unlikely conditions such as unexpected high temperatures

in the repository major changes in boundary conditions due

to erosion or tectonic activity, or faults rupturing the

repository during the 10,000 year period, for example. These

types of conditions do not appear to be addressed clearly in

the hydrology chapter. Instead, Dr. Gutjahr's discussion pertains

to uncertainty in flow and transport of radionuclides owing

to lack of knowledge of spatial variability in the hydrogeologic

parameters. Spatial variability definitely exists in all the

repositories at some scale - this is observed by geologists,

although it is difficult to quantify. It is not clear to me

whether spatial variability was intended to be included as

a process that is relevant to the EPA standard. It may be

possible, and more appropriate, to meet the EPA standard by

using rather simple deterministic models representing various

components of the hydrogeologic system to demonstrate that

- DANIEL B. STEPHENS & ASSOCIATES, INC.
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if a geologic process or event did occur, then the consequences

would be extremely unlikely to exceed specified release limits.

DANIEL B. STEPHENS & ASSOCIATES, INC.



REVIEW

Document: NUREG/CR - 3964, "Techniques For Determining

Probabilities of Events and Processes Affecting the Performance

of Geologic Repositories," R.L. Hunter and C. J. Marin.

Reviewer: T.-C. Jim Yeh

Date of Review: 30 June 1986

Review of the Article:

The author classified the methods and procedures in

groundwater hydrology for probabilistic predictions applicable

to nuclear waste management into three major categories:

1. Deterministic porous-media models, with parameter-variation;

2. Stochastic, heterogeneous porous-media models;

3. Fractured-media models.

General Critique:

This reviewer believes that this document is well-written.

The author provides an in-depth and accurate review of the

methods and procedures for probabilistic predictions of flow

and solute transport applicable to nuclear waste management.

The author also presents excellent final recommendations on

the procedures for analysis of uncertainty in predictions of

flow and solute transports. The recommendations are most relevant

to the analysis of uncertainty in groundwater travel paths
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and times as required by the NRC and EPA guidelines for the

High-Level Nuclear Waste Program.

However, the document may need some minor modification

for its clarity. Specific comments are discussed in the following

section. In the general technical aspects, the author eschews

the discussion of the effects of uncertainty and spatial

variability in boundary conditions. The uncertainty in boundary

conditions is one of the major difficulties in modeling flow

and transport in field situations. The uncertainty arises

from the fact that the locations of the boundaries, types of

boundary conditions such as prescribed fluxes or heads, and

their spatial variability are generally unknown. This type

of uncertainty certainly, has significant impacts on uncertainty

in model predictions. Unfortunately, this subject, because

of its complexity, has not been extensively explored in the

research field. However, the reviewer believes that this aspect

should be emphasized in the document.

The correlation scales of various hydrologic properties

are the most important aspects in stochastic analyses of flow

and transport in porous-media. The author discusses the meanings

of the correlation scale but does not emphasize its importance.

In fact, the consideration of correlation scale is the major

difference between the parameter-variation and stochastic models.

One other important aspect being neglected in this document

is the methods of network design and analysis of data for the

stochastic modeling. How should data in a large-scale field
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be sampled and analyzed? Although the author suggested that

measurements of hydraulic properties should be within the

correlation scale, this subject certainly deserves more attention.

Finally, this reviewer agrees fully with the author's

point of view on stochastic modeling of flow and transport

through fractured saturated and unsaturated rocks. The author

provides a thorough and relevant discussion on the problems

and difficulties in modeling of flow and transport in

fractured-media.

Specific Comments:

1. The distinction between the parameter-variation and

stochastic models is not clearly defined. As mentioned by

the author, these classes are not always mutually exclusive.

However, it is the reviewer's opinion that the major difference

between these two models is the consideration of correlation

scale. The stochastic model treats the spatial variability

and uncertainty in parameters as stochastic processes which

are characterized by the spatial covariance functions of the

variation of the parameters. On the other hand, the

parameter-variation model considers the variability and

uncertainty of the parameter values as independent random

variables without correlation between spatially adjacent parameter

values.
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Correlation scale is important in the analyses of uncertainty

in predictions due to spatial variability. Extensive analyses

such as Bakr (1976), Smith (197e), Vieriea et al. (1981?),

Byers and Stephens (1963?), and Russo and Bresler (1961) on

field data show that most hydrologic properties of aquifer

_ or field soils are correlated over a large distance. The effect

of the correlation structure has been manifested in many

stochastic analyses (Bakr et al. 1978, Mizell et al. 1983?,

Yeh et al. 1985). For example, the output variance (head or

concentration variance) depends strongly on the correlation

scale of the hydraulic conductivity values. Thus, if we consider

the uncertainty in the model predictions of flow and solute

- transport which arises from spatial variability, or spatially

correlated random errors, then the parameter-variation model

is not appropriate. This reveiwer believes this point should

be emphasized in this paper. Why not change the titles of

the classes to: 1) Spatially uncorrelated random parameter

models, and 2) Spatially correlated stochastic parameter models.

2. "Flow and dispersion" should be replaced by "flow and

transport" in various places.

3. Page 5-3, the last sentence in the fifth paragraph. "Another

... that the dispersion phenomenon itself is a random mechanism."

The words "random mechanism" do not seem to be appropriate.

The reviewer believes that the dispersion phenomenon itself
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is a deterministic mechanism. The randomness arises from the

fact that we are not able to and desire not to describe the

variations in velocities of groundwater flow in detail. A

piston flow-type model with sufficient knowledge of tortuous

flow paths certainly can replicate the dispersion phenomenon.

4. Page 5-10. The discussion on the works by Neuman (1964)

and Clifton and Neuman (1982) should be placed in the discussion

of stochastic models because their works do consider the

correlation between adjacent zone values. This will further

eliminate the confusion on the parameter-variation and stochastic

models.

5. Page 5-16. The author of the paper emphasizes too much

the details of the stochastic results and only implicitly mentions

the rationale for the stochastic approach for dealing with

heterogeneous porous-media. The rationale stems from the fact

that a detailed description of spatially varied hydrologic

properties is an impossible task. The only alternative is

to utilize limited amount of available data to obtain effective

(or mean) hydrologic properties, and to use these derived

effective properties as inputs to a deterministic model to

predict the mean behavior of the flow system. Since the model

uses the effective properties, the stochastic models also provide

us with some estimations on the deviations about the mean behavior

of the system. Therefore, the essence of the stochastic
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approaches such as Gutjahr et al. (1978), Dagan (1979?), Gelhar

and Axness (1983), and Yeh et al. (1985) is to provide a way

to estimate the mean properties of heterogeneous aquifers or

field soils.

The mean properties derived from the stochastic flow models

also ties in with the application of classical diffusion-type

of transport equation. The equation requires the mean velocity

and dispersion coefficient which accounts for the velocity

deviation. The mean velocity of heterogeneous aquifer can

be determined from the effective hydraulic conductivities.

_ The macrodispersivities as manifested in works by Gelhar and

Axness (1983), Dagan (1982), Winter et al. (1984) are direct

- functions of the statistical parameters characterizing the

spatial variability of hydraulic conductivity values. Instead

of matching observed and simulated concentration profiles to

obtain the dispersivity (a fudge factor in a sense), one can

derive macrodispersivities from measured hydraulic conductivity

values.

6. Page 5-16, fourth paragraph. "One of these aspects is

macrodispersion which is additional dispersion due to correlation

between the stochastic velocity and concentration."

Mathematically, this statement is correct. But it can be written

in a more clear fashion such as "One of these aspects is that

the macrodispersion can be related to correlation between the

velocity and concentration variations and ultimately, depends



7

_ on the statistical properties of the hydraulic conductivity

field."

7. Page 5-16, last paragraph. "Variances of concentration...."

It would be more clear to say "Variances of mean concentration

_ predicted by the mean solute transport equation (classical

diffusion equation)...."

8. Page 5-17, third paragraph, first sentence. "Stochastic

dispersion model" should be replaced by "solute transport model."

9. Page 5-17, last sentence of the fourth paragraph. Why

would one couple a Monte Carlo modeling approach with a similar

approach for parameter-variation? This needs some clarification.

10. Page 5-17, fifth paragraph. The major difference in the

stochastic and deterministic analysis of macrodispersion is

that the deterministic approach has to rely on deterministic

functions that depict the detailed variations in hydrologic

properties of porous-media. Thus, the models such as Guven

et al. (1964) are restricted to the simplistic stratified media

where the variation of hydraulic conductivity exists only among

layers. In such media, deterministic and stochastic results

are equivalent. (Guven et al. (1984) did not recognize this).

However, because of the difficulty to describe the

three-dimensional hydraulic conductivity variations in terms
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- of deterministic mathematic functions for field situations,

the stochastic approaches are most apppropriate.

11. Page 5-18, the last sentence of the second paragraph.

"Dispersion and transport" should be "solute transport."

12. Page 5-19, second paragraph. "conclude that measurements

should be...." Be more specific on what kind of measurements

you are referring to.

13. Page 5-20, fourth paragraph. "Sudicky (1985) gave

information about dispersivities in the stochastic case."

It would be more clear if it were written as "Sudicky (1985)

demonstrated how macrodispersivities in a sandy aquifer can

be derived using models by Gelhar and Axness (1983) and

Dagan (1982).

14. Page 5-229 first paragraph. "...insensitive to covariance

form" Covariance form of hydraulic conductivity? Be more

specific.

15. Page 5-22, fourth paragraph. '..., one may want to develop

equivalent one-dimensional models to study the probabilistic

aspects." The variances of outputs (heads or concentration)

from three-dimensional models have been shown to be much smaller

than those from one-dimensional models. For more accurate
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- predictions, one should rely on a

although it may be expensive.

three-dimensional model,

16. Page 5-23, first paragraph. The statement that stochastic

models may in fact require fewer data than deterministic models

may not be true in general. It may be true that the effective

properties of the flow system can be determined with relatively

few samples. However, the variances in outputs remain large,

unless a large number of samples are available for conditioning

on the outputs. In fact, if the measurements are extensive,

_ the stochastic and deterministic results are quite similar

as mentioned by the author. The difference between these two

models is the stochastic models provide realistic variance

estimations.

17. Page 5-28. The variability and uncertainty in boundary

conditions, and properties of solid matrix should also be included

in the probabilistic content of fracutured-media models.

18. Page

stochastic

effects."

effects by

5-33, third paragraph, line 7. "In the case of

models, output further includes the random media

It is probably better to replace the random media

the correlation scale effects.


