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FOREWORD

Documents are being submitted to the Salt Repository Project Office (SRPO) of
the U.S. Department of Energy (DOE) by Battelle Memorial Institute's Office of Nuclear
Waste Isolation (ONWI) to satisfy milestones of the Salt Repository Project of the
Civilian Radioactive Waste Management Program. Some of these documents are being
reviewed by multidisciplinary groups of peers to assure DOE of their adequacy and
credibility. Adequacy of documents refers to their ability to meet the requirements of
the U.S. Environmental Protection Agency and the U.S. Nuclear Regulatory Commission,
as enunciated in 40 CFR Part 191 and 10 CFR Part 60, respectively, as well as those of
the Nuclear Waste Policy Act of 1982. Credibility of documents refers to the validity of
the assumptions, methods, and conclusions, as well as to the completeness of coverage.

Since late 1982, Argonne National Laboratory has been under contract to DOE to
conduct multidisciplinary peer reviews of program plans and reports covering research
and development activities related to siting, constructing, operating, and
decommissioning a high-level radioactive waste repository in salt. Argonne has
simultaneously undertaken studies of various topical and regulatory areas to provide
background information and support to peer review panelists. This study grew out of
discussions on how to evaluate plans for site characterization activities.

This study was initiated in the summer of 1984 by Wyman Harrison (chairman of
the Argonne peer review panel), with the assistance of Charles H. Dowding of
Northwestern University. Participants in the study were to consider how to review and
evaluate plans for the measurement activities expected to be part of site
characterization. The performance-based requirements of future licensing activities
were to be emphasized. Such general considerations were to be more sharply focused by
examining existing measurement data for a candidate repository site in salt and by
formulating hypothetical plans for additional measurements there. The Richton dome
site in Mississippi was chosen for this purpose.

Several aspects of potential measurement plans were examined by Argonne
participants: Douglas F. Hambley and David F. Fenster considered geological and
geophysical work related to site structure and discontinuities, Dorland E. Edgar gathered
and reviewed geohydrologic data, John D. Ditmars assessed the measurement needs of
groundwater modeling, and Robert E. Rospenda developed cost information on potential
measurements. Gregory B. Baecher of the Massachusetts Institute of Technology joined
the study group and suggested the S-index approach as a unified means of addressing
concerns regarding the uncertainty in the data and its effect on assessing whether
performance objectives will be met or exceeded.

This report presents the 8-index approach in general terms and exercises it in a
simple groundwater travel time example that draws upon some of the data from the
Richton dome area. To keep the example of hypothetical measurements at the Richton
dome site concise and cogent, only a portion of the investigation is reported.
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NOTATION

dh/ds hydraulic gradient

g acceleration of gravity

h interior head

k intrinsic permeability

m number of grid elements in which K is specified

n number of boundary nodes at which H is specified

r lag distance in kilometers

r Q autocorrelation length sca le

t mean predicted travel t i m e

t(i) mean trend of the data

t travel t ime object ive

u Darcy ve loc i ty

u(i) residual variation at locat ion i that is not explained by the trend

Up pore or average linear ve loc i ty

w "actual" values that account per fec t ly for spatial variation

w mean of a population

w(i) spatially varying property at locat ion i

x measurement variable

x mean of distribution of measured variable

y performance variable

y mean of distribution of predicted values for y

y 0 performance object ive or criterion for y

z measured values



NOTATION (Cont'd)

Cov(xj,X;) eovariance of xj and Xj

C v coefficient of variation

C y (K) total coefficient of variation in hydraulic conductivity data scatter due to
spatial variation

C v (K) total coefficient of variation in hydraulic conductivity data scatter due to

noise

H boundary head

K hydraulic conductivity

Krfd hydraulic conductivity values obtained from drawdown water levels in
pumped well

K. mean of individual hydraulic conductivity values obtained by jth test
method

Kp hydraulic conductivity values obtained from recovery water levels in

pumped well

K mean value obtained from individual mean value for each te s t method

L travel distance

P flow prediction variable (either hydraulic head or veloci ty near the dome)

R,R| s ize-ef fect multiplier (can be applied to variances to account for the

ef fect of sampling volume on spatial variation)

R7 autocorrelation function

S normalized sensitivity coeff icient

S H sensitivity coeff icient for boundary head

S K sensitivity coefficient for hydraulic conductivity

Vn interior head variance

VK variance in hydraulic conductivity values

Vt variance in travel time predictions



NOTATION (Cont'd)

Vx variance in measured values for x

V variance in ith component
i

V variance in predicted values for y

V, variance in measured values

Vj variance due to spatial variation

V2 variance due to measurement noise

Vg variance due to statistical estimation error

V^ variance due to measurement (or measurement interpretation) bias

Vj + V2 dPta scatter

V3 + V4 systematic error

a model parameter (either prescribed boundary head or hydraulic
conductivity)

e random measurement error, or noise

n volumetric porosity

u dynamic viscosity of fluid

p density of fluid

Z l l



RADIOACTIVE WASTE ISOLATION IN SALT:

A METHOD FOR EVALUATING THE EFFECTIVENESS
OF SITE CHARACTERIZATION MEASUREMENTS

by

J.D. Ditmars, G.B. Baecher, D.E. Edgar, and C.H. Dowding

ABSTRACT

A quantitative method for evaluating the effectiveness of site
characterization activities is developed and applied to hypothetical
measurement schenr.is at a potential site for a repository for high-
level radioactive waste. The approach presumes that measurements
are undertaken to support performance predictions. A quantitative
performance objective like groundwater travel time is compared with
performance predictions. The approach recognizes that such
predictions are uncertain because the measurements upon which they
are based are uncertain. The effectiveness of measurement activities
is quantified by an index, 8, that reflects the number of standard
deviations separating the best estimate of performance from the
performance objective. Measurements that reduce the uncertainty in
predictions lead to increased values of S. Evaluating s for a
particular measurement scheme requires identifying the measured
quantities that significantly affect prediction uncertainty. Sources of
uncertainty are spatial variation, noise, estimation error, and
measurement bias. Changing the measurement scheme to increase 6
increases the likelihood of a performance objective being achieved or
exceeded. The application of the e-index method to the Richton
dome site in Mississippi focuses on uncertainties in hydraulic
conductivity data in relation to groundwater travel time predictions.
The 8 values for four different measurement schemes for hydraulic
conductivity are determined.

1 INTRODUCTION

1.1 APPROACH

Site characterization at candidate locations for a mined geologic repository for
high-level radioactive waste includes establishing the geologic conditions at a site, in
part through field investigations designed to satisfy system design and performance
assessment requirements. This report presents a quantitative method for evaluating the
effectiveness of site characterization activities that affect quantitative performance



objectives. The method was chosen for its conceptual and mathematical simplicity and
for its utility in comparing alternative site characterization schemes. However, the
application of the method, not the answers obtained from applying the method in the
following example, is the main focus of this report.

The method, referred to in this report as the 8-index method, estimates
quantitatively how much credence can be given in calculations of repository
performance. It also permits assessment of changes in that confidence level resulting
from implementing additional or different field measurement schemes. The index, 8, is
used to express the number of standard deviations separating the performance prediction
from a predetermined performance objective.

The method presupposes the existence of at least one quantitative performance
objective against which to measure the effectiveness of site characterization activities.
Such objectives include regulatory goals such as specified groundwater travel times or
radioactive contaminant release rates and repository design considerations such as rock
strata thicknesses and physical properties at repository depth.

The method facilitates decision making. Simply proceeding through the steps
necessary to calculate the S index may reveal important deficiencies in the extant data.
Or, the method can assist in allocating the various resources available for site
characterization. For example, it can indicate, as a function of site characterization
expenditures, the relative levels of confidence in repository performance calculations.

This report demonstrates the basic operation and usefulness of the method
through an example application. Although real data and model computations are
involved, the calculated values of B are less important than the process by which they
were calculated.

The example application, which is essentially a quantitative comparison of
alternative measurement schemes, requires the use of models to link measurements and
repository performance predictions. Although models use subjective inputs and are
approximations of real processes, the 0-index method nevertheless provides a framework
for explicit and logical accounting of such limitations. Such accounting is preferable to
wholly subjective methods of evaluation.

1.2 QUANTIFICATION OF SITE CHARACTERIZATION EVALUATIONS

The basic objective of site characterization, or exploration, is to obtain the
information needed to assure all interested parties that a repository can be sited,
constructed, operated, and decommissioned both safely and economically in accord with
specified performance objectives. Actually, decisions about exploration objectives are
rarely linked quantitatively with decisions about exploration scope. For example,
exploration programs are typically justified by such approaches as:

• Past history (it worked before).



• Reliance on a board of consultants (in our opinion, these tests will
be sufficient).

• Scientific investigation (everything should be measured in as much
detail and as accurately as possible).

• Fear of being out of date (the most advanced methods possible must
be used).

• Percentage of construction cost (only $ can be spent).

The proposed S-index method quantitatively links measurement activities and
levels of assurance concerning performance. Because the cost of the measurements
necessary to achieve a given level of assurance can be calculated, alternative
measurement schemes can be compared in terms of the assurance associated with each
dollar of measurement cost. Although the method does not formally optimize
characterization costs, comparing alternative schemes provides a basis for professional
decisions regarding the benefits of the increased assurance predicted for each scheme.

In this way, the s-index method, or other comparable quantitative methods,
allows scarce resources to be allocated by rational calculation rather than by rhetorical
persuasion. These quantitative methods also formalize the transfer of experience from
project to project by providing a numerical framework for accumulating wisdom. Finally
— and perhaps most importantly — they provide a link between data collection,
performance modeling, and uncertainty prediction.

1.3 OVERVIEW OF THE 8-INDEX METHOD

The proposed S-index method is an extension of existing methods for sensitivity
and error analysis. It is based on a particular conceptual view of the relationships among
data, models, model predictions, and performance objectives. First, predicting the value
of a performance variable, y, requires a model of some sort. (The model may be a simple
algebraic expression or a complex computer code.) Second, such predictions depend not
only on the model used, but also on the input data and model parameters used. (These
input variables, denoted by x, result from measurement activities.) Thus, as indicated
schematically in Fig. 1, predictions of a performance variable, y, are linked to the
measurement variables, x, through the model, y = f(x).

Because each model input variable and parameter has been determined from
measurements, each is a distribution of possible values with mean over some defined
region, x, and variance, Vx. The uncertainties represented by the distribution of the x
values produce uncertainties in the prediction (see Fig. 2). The distribution of the
predictions can also be characterized in part by its mean, y, and variance Vy. The
variance then provides a measure of the uncertainties associated with the mean values of
measured quantities and predictions.



Of particular interest is the Measurements, x
relationship between the distribution of a
predicted performance variable and the
value of that performance variable denoted
as the performance objective. The ultimate
goal is to learn with what assurance the
predicted performance meets or exceeds
the performance objective.

An index, 8, is used to measure the
level of assurance in the prediction of Performance Prediction, y
performance variable, y, relative to a
specific performance objective, y , by
accounting for the uncertainty in the Performance Objective, y0

performance prediction. The index is:
FIGURE 1 Relationship
among Model, Input Data

e _
_

o rjj and Parameters, i , and(V ) ! / 2 Performance Prediction, y
y

where:

y = mean value of the values of the performance
prediction variable, y,

Vy = variance of y,

I /O

(V ) ' or s = standard deviation of y, and

y = performance objective or criterion for y.

For example, y might be the travel time prediction variable for groundwater flow in an
aquifer from a repository to the accessible environment. Because of uncertainties in the
prediction of y, a distribution of travel time values exists that is represented in part by
the mean, y, and the variance, Vy. The performance objective, y0, associated with this
prediction would be a specific travel time value, such as 1000 years.

Predictions of performance in terms of a variable, y, result from applying a
model that uses input data and parameters, x. The input data and parameters may be
geometric data, physical or engineering properties, and empirical coefficients. They are
usually quantities determined from field and laboratory measurements. For predictions
of groundwater travel time, model input data and parameters include aquifer geometry,
porosities, hydraulic conductivities (K), groundwater head, and the like. These input
parameters may each be represented by distributions and may be correlated with each
other.



Measurements
x, mean
Vx, variance
(standard deviation)2

Performance Predictions
y, mean

y Vy, variance

FIGURE 2 Variances, Vz and Vy, for the Distributions of
Input Parameters and Predictions, Respectively

The index, e, expresses the number of standard deviations separating the best
estimate of performance (the mean) from the performance objective (see Fig. 3). A
distribution of performance predictions is shown in Fig. 3(a), with a mean and a standard
deviation noted, as well as a performance objective. The 8 index can be illustrated
graphically, as in Fig. 3(b), in a plot of the same predictions, with the difference between
the prediction values normalized. As the value of 6 increases, the level of assurance that
a given prediction value exceeds the objective increases. As S decreases, the possibility
of a given prediction falling short of the objective increases.

The 8-index makes no assumption regarding the shape of the distribution of the
performance prediction in Fig. 3(b). However, if the shape of the distribution is known or
presumed, a probabilistic interpretation of the s values is possible. For example, if the
uncertainty in the predictions were normally distributed (which may not be an
unreasonable assumption), then a 3 equal to 1.0 implies a confidence level of 84% that
the performance objective will be exceeded. Should the value of 8 increase to 2.0
(perhaps caused by a reduction in prediction uncertainty), the confidence level would
increase to about 98% that the performance objective will be exceeded. As the general
approach does not require the assumption of normality for the prediction distributions,
such assurance regarding changes in 8 values is said to be nominal because it involves a
distribution assumption (normality) that may be difficult to verify.

As evident in Eq. 1, 8 values can be increased, for constant mean values, by
reducing the variance, or uncertainty in the predictions. Prediction uncertainty is
related to measurement uncertainty, but also to the uncertainty introduced by the model
itself. Models do not translate input data into predictions perfectly, and computational
errors as well as imperfect model validity contribute to uncertainties in the predictions.
However, if the portion of the uncertainty in the prediction stemming from the model
itself is small relative to that stemming from the uncertainties in the input data and
parameters, the model can be viewed as a transfer function that simply propagates the
uncertainties associated with measurements through to the predictions. An approximate
relationship exists that relates the uncertainties in model input and parameters derived
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Normalized ? - r
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FIGURE 3 Distribution of Performance Pre-
diction Variable, ys (a) Distribution Shown
Relative to Mean, y, Variance, V_, and
Performance Objective, y0; (b) Normalized
Performance Distribution, with 0 Indicated

from measurements to prediction uncertainty. This relationship, presented in detail in
Sec. 2, relates prediction variances to model structure (through sensitivity coefficients)
and to the covariances of measured quantities.

Given the link between prediction and measuremr * uncertainty, the model can
be thought of as transferring limitations in the uncertainti f predictions, Vy, backward
to specific levels of uncertainty in input data and parameters, Vx. For example, the
uncertainty in the prediction of groundwater travel time, y, over a fixed distance within
an aquifer may depend on the uncertainties in several x's, including aquifer geometry,
porosity, hydraulic conductivity, and local groundwater heads. Thus, limitations on the
acceptable levels of uncertainty in travel time predictions may necessitate bounds on the
uncertainties in certain of the measured x's. Determining the relationship between a
prediction uncertainty and measurement uncertainties for a specific problem permits
attention to be directed to those measured quantities that are the major contributors to
prediction uncertainty.

Once the measured quantities that are the major contributors to prediction
uncertainty have been identified, the sources of uncertainty in those quantities can be



examined. Uncertainties in measurements can be classified as due to data scatter or
systematic errors. Reductions in the uncertainties in measured quantities are sought by
means of expanded or modified site characterization, or exploration, schemes.
Measurement activities that change the spatial resolution of measurements, the types
and numbers of measurements, and the procedures used may all contribute to changing
the uncertainty associated with the measured quantities. Thus, reductions in prediction
uncertainty, and concomitant increases in S values, can be effected by the choice of
measurement plans.

The 8-index method provides a means of evaluating a measurement program
quantitatively. The uncertainties associated with the measurements are linked to
performance predictions, and the performance predictions are then measured relative to
a performance objective through s. In principle, additional measurements can be
expected to decrease the uncertainty in the inputs from measurements to predictive
models, Vx. The uncertainty in the model performance predictions, Vy, should decrease,
thereby resulting in a larger value of 0.

However, unless measurement plans call for activities that reduce the
uncertainties in quantities that contribute substantially to prediction uncertainty,
additional measurements alone will not necessarily result in increased assurance that
performance objectives will be met. Measuring everything possible is not feasible;
allocating resources to measurements of intuitively important parameters is risky. The
8-index method provides a means of determining the effects (changes in 6 values) of
alternative measurement schemes on the level of assurance that a performance objective
will be met. Examining the costs of measurement schemes and their associated levels of
assurance thus establishes a rational basis for professional judgments regarding the
benefits of one measurement program over another.

The approach taken in the development of the s-index method employs rather
standard engineering concepts. Alternative approaches are possible. The techniques of
geostatistics have received increased attention and application during the period of this
study (e.g., Verly et al., 1984, and Marsily, 1986). The tools of geostatistics, including
variograms and kriging techniques, may prove more useful than conventional statistical
approaches in dealing with the substantial scatter often associated with geological and
geotechnical data. Therefore, future efforts in this area should consider the application
of geostatistical approaches.

1.4 REPORT ORGANIZATION

This report presents a framework for examining site characterization
measurement programs using the s-index method for the case of a single performance
objective. The example problem, which concerns groundwater travel times and uses real
field data in the context of a hypothetical site characterization program, both
demonstrates and exercises the method. Background technical information and
supporting calculations are presented in the four appendixes.

Section 2 describes the mathematical relationship between prediction
uncertainty and the uncertainties in the measured quantities that constitute model input



and parameters. The sources of uncertainty in measured quantities are identified, and
the bases for estimating their values from field data are indicated. Section 3 presents an
example of the computation of $ values for alternative groundwater measurement
schemes in the context of meeting a groundwater travel time performance objective.
The results from existing numerical regional groundwater model computations, field data
from the region, and cost data are used to illustrate the evaluation of the hypothetical
measurement schemes.



2 A SIMPLIFIED STATISTICAL METHOD FOR LINKING
EXPLORATION TO PERFORMANCE OBJECTIVES

The s-index method presented in this section provides a consistent basis for
reviewing and evaluating site characterization programs. The method is similar to
sensitivity analysis or error propagation techniques and can be summarized as follows:

1. A criterion (objective) for facility performance, denoted yo, is
specified.

2. A performance model is used to estimate the influence of
uncertainty in the measured quantities, x, on performance
predictions, y. For both x and y quantities, the best estimate is
expressed as a mean value, and the uncertainty is expressed as a
variance.

3. The level of assurance in the performance prediction, y, is
measured by an index,

which expresses the number of standard deviations separating the
best estimate of performance from the limiting performance
objective, yQ.

4. A target value for the index 6 is adopted.

5. Simple statistical considerations are invoked to decide whether a
proposed site characterization program or a specific measurement
scheme will reasonably lead to 8 values at least as large as the
target value.

The target value for the index 6 can be established in several ways. A numerical
value can be chosen on the basis of programmatic performance assurance goals. Or,
more commonly, the s value associated with existing measured quantities or the results
of a specific site characterization activity can be determined. This last 8 value provides
a benchmark for judging the effectiveness of new or modified site characterization
programs. In other words, comparing their S values with the benchmark value allows
such judgments.

Reducing the uncertainties in predictions increases the 6 values; such reductions
are necessarily linked to reductions in the uncertainties associated with measured
quantities. Thus, predicting B values requires estimating the uncertainties likely to
result from proposed measurement programs. As a practical matter, estimating the
uncertainties associated with the measured quantities of a proposed site characterization
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program is most easily achieved in terms of measurements already made at the subject
site. Consequently, one avenue for evaluating the B value for a proposed site
characterization program is to investigate the sources of uncertainty in the existing
measured quantities as a guide to how additional or modified measurement schemes
mi^ht reduce that uncertainty.

Site characterization based on sampling and testing and leading to performance
assessment incorporates uncertainties from several sources. Principal among these are
(1) uncertainties concerning the extant regional and site geology; (2) uncertainties in
physical parameter estimates; (3) uncertainties in facility design; and (4) uncertainties
related to omissions in the geological data base, whether of details or as a result of other
factors. Large-scale as well as long-term geological uncertainties are not treated here,
as they are outside the scope of statistical analysis. However, the "analytical"
uncertainties inherent in the performance predictions are treated here.

The rest of Sec. 2 deals with the two elements needed for estimating 6 values for
a proposed site characterization program: (1) the relationship between the uncertainty in
model predictions and that in measured quantities and (2) the identification and
evaluation of contributors to the uncertainties in the measured quantities.

2.1 LINKING UNCERTAINTIES IN MODEL PREDICTIONS TO UNCERTAINTIES
IN DATA

The index 6 depends on the uncertainty associated with model predictions. And,
the uncertainty in model predictions depends on the uncertainty associated with model
input data and parameters. Only by establishing such links can the effects of uncertainty
in data be reflected in the confidence index. In addition, translating requirements for
reduced uncertainty in predictions into specification of uncertainty limits on data and
measurement programs requires establishing such a link.

2.1.1 General Approximation

If the performance prediction, y, depends on a vector of n input data and
parameters with components Xp X2» ..., xn, then:

y = r . . . , xn) (2)

For example, a groundwater travel time prediction may depend such parameters as
hydraulic conductivity, porosity, and hydraulic gradient. Despite the dependent nature of
the variables x and y, approximate solutions exist to relate the moments of dependent
variables only in terms of functions of the moments of the independent variables. If the
functional relationship is sufficiently well behaved, the first-order approximations for
the links between prediction and data become (Benjamin and Cornell, 1970):

y = f (x x , x2 • • • » Vi
n J!I Cov( x . )

J
(3)
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- Cov(x.,x.) (4)
X . 1 J

where:

af
3x.

af
x . ' 3x. X .

- = partial derivatives of f with respect to the x
j component evaluated at the mean of the

component,

COV(XJ,X^) = covariance of Xj and x= (see App. A for this and
other statistical definitions), and

= = a first-order approximation.

If the input data and parameters, Xj's, are uncorrelated (not often the case with
geotechnical parameters), the approximation for V takes on a simpler form, that is:

y = f (x x , x 2 , . . . , x"n), and (5)

n „ r 2

y i = 1 a*
- ) V (6)
X . ' X .

1 1

where V is the variance of the ith component.

2.1.2 Other Links between Data and Predictions

The first-order approximation described above is commonly used in uncertainty
analysis. However, other techniques are available for analyzing the effect of input
uncertainties on output uncertainties, including adjoint methods, simulation, and
response-surface approaches. The convenience of each will depend on the way the
models used are configured and solved. Any of the techniques could be used in the
evaluation of site characterization programs.

2.1.3 Simple Example of the Link between Prediction and Data Uncertainties

The approximate relationship between the uncertainty in a prediction and the
uncertainty in measured quantities can be illustrated with a simple model for
groundwater flow. Darcy's law for one-dimensional groundwater flow in terms of pore
velocity can be used to estimate travel times along appropriate flow paths. The simple
unidirectional flow form of this model is:

u = H = K d h
p n n ds
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where:

u = pore or average linear velocity,

u = Darcy velocity,

n = volumetric porosity,

K = hydraulic conductivity, and

dh/ds = hydraulic gradient.

If this form of Darcy's law is assumed to be appropriate in terms of the mean
values of K, r\, and dh/ds, and if parameters K, n, and dh/ds are assumed to be
uncorrelated, then the uncertainty in the prediction of u by this means (see Eqs. 5 and 6)
is:

(8)

or

v i K_ fdh}2 1_ ,dh^2 j-K>2 ( g )
u 4 L ds J n 2 l-dsJ K V dh v '

P n n d?

where the n, K, and dh/ds are all mean values and therefore should be denoted rj", K,
and dh/ds.

The validity of the assumptions regarding the simple Darcy's law formulation in
Eq. 9 is not important for this example. What is important is that the relationship
between the variance in the predicted pore velocity and the variances in the measured
quantities n, K, and dh/ds can be illustrated clearly, given these conditions.

Each component of the variance in pore velocity values can be evaluated from
the mean values and variances of the measured quantities. Determining the relative
contribution of each term to the total uncertainty in pore velocity is particularly
important. The terms that govern the prediction uncertainty can be determined by
evaluating the terms in Eq. 9. For example, if the term containing the variance in
hydraulic conductivity values were the dominant term in the equation for pore velocity
variance, then measurements that reduced the uncertainty in those values would
significantly reduce the magnitude of the uncertainty in the pore velocity prediction. On
the other hand, measurements that reduce the variances in parameters having only minor
influence on the prediction uncertainty contribute little to meeting the performance
objectives of site characterization.
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Quantitatively linking the uncertainty in the prediction to the uncertainty in the
measured quantities permits determination of the relative contributions of the various
measured quantities to the uncertainty in the prediction. Identification of these
uncertainty "drivers" focuses attention on the measurements that can tangibly influence
performance predictions. Conversely, such identification shifts attention away from the
parameters whose reduced uncertainty would have little effect on prediction
uncertainty. Allocating resources to measurement programs to reduce uncertainties
requires this kind of rational basis. Such an approach is clearly preferable to "trying to
reduce the uncertainty as best we can in all measured quantities."

2.2 UNCERTAINTY IN MEASURED QUANTITIES

As discussed in Sec. 2.1, examining the uncertainties contributed by each
measured parameter to prediction uncertainty allows identification of the parameters
that contribute most to prediction uncertainty. The identified sources of measurement
uncertainty must then be quantified so that the uncertainty associated with various
measurement schemes can be estimated. More particularly, pinpointing the sources of
measurement uncertainty in existing data sets provides a rational basis for reducing
uncertainty oy implementing new or modified measurement schemes.

As shown in Fig. 4, data scatter and systematic error are the principal sources of
uncertainty in any estimate, based on data, of a measured quantity, Vx. Data scat*-r is
caused by spatial variation and measurement noise, whereas systematic error is caused
by statistical estimation error and measurement (or measurement interpretation) bias.

Total Uncertainty
and Error, Vv

Data
Scatter

1 I
Spatial

Variation
Measurement

Noise

Systematic
Error

Statistical
Estimation Error

FIGURE 4 Principal Components of Uncertainty (Error) in an
Estimate of a Measured Quantity
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Under fairly general conditions, rudimentary measurement models (as contrasted
with performance prediction models) lead to the following simple expression for the
variance of an estimated physical property (Baecher, 1982):

Vx = Vj + V2 + V3 + V4 (10)

where:

Vx = total variance in a measured quantity,

Vj = variance due to spatial variation,

V2 = variance due to measurement noise,

V3 = variance due to statistical estimation error, and

V4 = variance due to measurement (or measurement interpretation)
bias.

Although the terms Vj through V4 are sometimes formulated differently, depending on
the configurations of the measurement uncertainty models, their respective meanings
remain the same. In distinguishing data scatter (Vj + V2) from systematic error (V3 +
V )̂, it is easiest to tMnk of the former as scatter about a mean trend and the latter as
uncertainty in the trend itself.

The components of uncertainty in a measured quantity, V , are discussed in
Sees. 2.2.1 and 2.2.2. The components, and the means for estimating their magnitudes,
are important to understanding the total variance in a particular measurement. Also, in
the context of this report, attempts to reduce the magnitude of V.. require knowing
which components contribute significantly to the total uncertainty and how those
uncertainties might be reduced by additional or different measurements.

2.2.1 Data Scatter

Geotechnical and geological data display substantial scatter. Ratios of two or
more between the largest and smallest measurements of a given variable are
commonplace. Coefficients of variation (i.e., standard deviation divided by the mean)
for engineering properties of rock masses vary from 0.1 to well more than 1.0. For such
data, "typical" variability is seldom a useful concept.

The scatter of geotechnical and geological data can be attributed to two
sources: spatial variation and measurement noise. These sources affect predictions
differently; therefore, considering them separately is efficient. Data scatter is
adequately modeled by assuming that spatial variation and measurement noise are
additive, such that:

z = w + e (11)
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where:

z = measured values;

w = "actual" values that account perfectly for spatial variation; and

e = random measurement error, or noise.

Given this assumption, the variance in measured values is related to the variances in
spatial variation and measurement noise as:

\ - \ + \ = Vl + V2 ( 1 2 )

in which systematic error is ignored. Barring further analysis, the quantitative division
of the data scatter variance between spatial variation and measurement noise is
undefined. Some form of statistical filtering would be necessary to separate them; one
approach to separation is discussed in Sec. 2.2.1.3.

2.2.1.1 Spatial Variation

A geological material is formed and subsequently modified by a variety of
physical processes; therefore, its strength, deformability, permeability, and other
physical properties vary from place to place. For the purposes of site characterization,
the spatial variation in measured quantities can be conveniently described by simple
trends (e.g., by linear trends or low-order polynomials). Thus, spatial variation can often
be separated into a trend and the residual variation about that trend (see Fig. 5):

w(i) = t ( i ) + u(i) (13)

where:

w(i) = spatially varying property at location i,

t(i) = mean trend of the data, and

u(i) = residual variation at location i that is not explained by the
trend.

Such separation is arbitrary. A certain amount of spatial variation is accounted for
deterministically, with the remainder taken to be erratic. The erratic variation is
summarized statistically because its magnitude at any particular point is unknown.

The importance of spatial variation with respect to calculated predictions
depends on the process being predicted and the volume of geologic media influencing the
process. For modes of behavior that depend on average properties within a large volume
of material (e.g., surface displacements), spatial variation may average out. Stronger
(stiffer) elements balance out weaker (more compliant) elements, and the contribution to
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total uncertainty by the uncertainty due to
spatial variation is lessened. For modes
that depend on worst conditions (e.g.,
sliding along a discontinuity), the
importance of spatial variation is
heightened. The larger the volume of
material, the greater the likelihood of a
very unfavorable element within that
volume; therefore, the contribution to total
uncertainty by the uncertainty due to
spatial variation is increased.

The value of Vp the uncertainty

a
I

*• Residual

Distance

FIGURE 5 Schematic Representation
of Trend and Residual Variation

due to spatial variation, depends on the
spatial resolution of the data from which it
is estimated; therefore, it is strictly
applicable only to situations with similar
spatial sampling resolution. However, a size-effect multiplier, R, can be applied to
variances to account for the effect of sampling volume on spatial variation. This
multiplier reflects the size effect by decreasing or increasing the spatial variance, Vp as
that variance is propagated through a calculation in which the spatial resolution may be
different from that of the data from which Vj was originally derived. For averaging
modes (R < 1) and for amplifying modes (R > 1), R depends on (1) the mode of behavior
being predicted; (2) the material volume influencing the behavior; and (3) the
autocorrelation of material properties, which is discussed in Sec. 2.2.1.3.

2.2.1.2 Measurement Noise

Measurement noise is that part of the scatter attributable to random
measurement error (see Eq. 11), which is defined as instrument- or operator-induced
variations from one test to another. This variability either increases or decreases a
measured value, but its effect on a specific measurement is unknown. Random
measurement error may account for a substantial percentage of the scatter in
geotechnical data, with values of 40-60% not unusual.

Operator errors arise in many types of measurements. For example, Fig. 6 shows
histograms of strike and dip measurements on the same rock joint made by different
people, but using the same Brunton compass. Instrument errors arise from variations in
the way tests are set up, loads are delivered, or rock mass response is sensed.
Distinguishing between operator and instrument errors is difficult; for most purposes, it
is unimportant.

Equation 11 is by far the most common model of random measurement error. In
this additive model, e is usually assumed to be independent from one measurement to
another. This assumption has important implications in that measurement noise averages
out if many measurements are averaged together. Such replication diminishes random
measurement error, but not systematic error.
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Direct (replicate) testing to
determine random measurement error is
difficult in areas like rock mechanics
because the specimens are usually
destroyed during testing. The indirect
methods usually used require correlation
with other properties or autocorrelation,
which is the correlation of a property
measured at one location with that property
measured at other nearby locations.

2.2.1.3 Separating Spatial
Variation and
Measurement Noise

Separating data scatter into its
components * — spatial variation and
measurement noise (random measurement
error) -- is essential for assessing possible
reductions in measurement uncertainty.
Separating the data scatter into its Vj and
V2 components exploits the autocorrelation
behavior of the measured property. As
discussed in Sec. 2.2.1.1, any spatial trend
in the data is removed, which leaves only
residual spatial variation and noise in the
measurements. The autocorrelation
function, Rz, is then found for the data (see
App. A). This function expresses the spatial
correlation of a property as a function of
separation distance, r, between two
measurement locations. Figure 7(a)
illustrates the "ideal" autocorrelation
function for any property; at large
separation distances, the correlation and
function values approach zero. At a
separation distance of zero, the correlation
of a property is perfect and the function
value is 1.0.

x = 62.3°
a = 0.88°

N60 61 62 63

Strike
64 65°E

x = 47.9°
a = 0.89°

47 48 49 50 51°S

Dip

FIGURE 6 Effect of Operator
Error on Joint Inclination
Measurements: An Example of
Random Measurement Error
(Source: Adapted from
Einstein and Baecher, 1983)

Figure 7(b) illustrates a "real" autocorrelation function calculated from data.
Because specimens are usually destroyed during testing, data at r = 0 are rarely
available. Therefore, the autocorrelation function must be extrapolated to r = 0. And,
because measured data usually contain noise, the autocorrelation at r = 0 is less than
1.0. That portion of 1.0 not accounted for by the autocorrelation function of measured
data at r = 0 reflects the fraction of data scatter attributable to measurement noise.
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Separation Distance, r (m)
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1.0-

0.8- Portion of Variance
due to Noise

(b)

20 40 60
Separation Distance, r (m)

80

FIGURE 7 Estimating the Random Measurement
Error, or Noise, from the Autocovariance
Function

Thus, the variance in the residual data (V^ + V )̂ can be separated as follows:

V. = R (r = 0) (V. + V,) (14)
1 Z 1 2

where V̂  is the variance due to residual spatial variation. The relative size of the
residual spatial variation is important because additional measurements may not be able
to reduce it. As discussed earlier, however, the noise component may succumb to
replicate measurements.

2.2.2 Systematic Error

Uncertainty due to systematic errors contributes to the overall variance, V ,
through statistical estimation error and measurement bias.
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2.2.2.1 Statistical Estimation Error

Because the number of measurements is limited, their average may be above or
below the actual spatial average, even in the absence of measurement bias. This error in
the average is systematic across the region of measurement.

Statistical theory provides a means of assessing the probable magnitude of error
resulting from limited numbers of observations. Statistical error is typically expressed
as a variance, or standard deviation, in the estimated parameter. For example, the
statistical error in the estimate of average hydraulic conductivity at some depth would
be expressed as a variance in the estimate. The larger the number of measurements, the
smaller the statistical error. In general, the variance due to statistical error decreases
approximately as 1/n, where n equals the number of observations. Doubling the number
of tests reduces the standard error by about llS2. From rudimentary statistics, the
variance due to statistical error of the mean of a population, wx, is approximately:

V V + V

5 ^^
and, thus, from Eq. 12:

V, + V
(16)

This variation is what would be seen in repeated sampling of the same geologic unit.

2.2.2.2 Measurement (and Measurement Interpretation) Bias

Systematic error introduced by tha measurement method or measurement
interpretation is termed "measurement bias." Because bias is the systematic difference
between actual and measured values, it is not reflected in the data scatter (see Fig. 8).

It is relatively meaningless, in most cases, to separate measurement bias from
the uncertainty in the model used to interpret the measurements. Indeed, the distinction
is hazy. There is no such thing as an "innate" rock mass property; there is only that
quantity derived through interpretation of data using some model. A particular rock
mass, for example, is not an elastic continuum, which means that its deformation
modulus, £, cannot be innate. Its modulus is estimated so that an elastic analysis can be
used to accurately mimic observed deformations.

Hydraulic conductivity values, on the other hand, may reflect the bias introduced
by differences in the kinds of tests conducted to obtain those values (e.g., single-well or
multiwell pumping tests or laboratory core tests). They may also be biased by the
interpretative models applied to the test data to infer those hydraulic conductivity
values (e.g., radial flow models).
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Measurement bias can be estimated
most directly by comparing predicted and
observed performance. For example,
Bjerrum (1972) compared slope failures in
clays with predictions based on a modified
Bishop analysis. He then back-calculated a
correction factor that reconciled
observations with predictions. This
correction factor combines the bias due to
measurement technique and the prediction
model; however, the factor no longer
obtains if a model other than Bishop's model
is used. In other words, measurement bias
and model bias may be inseparable.

a>
cr
.2

- Scatter -

Bias

Histogram
of Measured
Values

Average- Actual Value

FIGURE 8 Difference between
Variabilities due to Bias and
Scatter

The bias variance, V4, can also be
estimated to a first approximation by
comparing measures of the same property
obtained by different means. For example,
if hydraulic conductivity data from packer
tests must be multiplied by 1.2 to match the hydraulic conductivity data obtained from
drawdown tests, then the relative bias is 20%. Of course, both tests may yield
groundwater travel predictions that differ systematically from actual behavior in the
field because of bias in the prediction model. Because a best estimate of a quantity like
hydraulic conductivity may have been determined from several types of measurements,
the total uncertainty contains a component, V^, to account for such bias.

2.3 SUMMARY OF LINKS BETWEEN PREDICTION AND MEASUREMENT
UNCERTAINTY

The quantitative relationship linking prediction uncertainty to uncertainties in
measured parameters (Eq. 4) provides a means of identifying the major contributors to
uncertainty among the many measured parameters. Focusing on those key parameters is
essential for reducing prediction uncertainty through improved site characterization
activities.

More particularly, analyzing the sources and magnitudes of uncertainty in key
measured quantities allows those aspects of the measurement uncertainties associated
with prediction uncertainty to be examined. Such information is crucial in estimating
the uncertainties associated with proposed site characterization activities and in
reducing uncertainty by choosing a number of measurement techniques and procedures.
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3 EVALUATION OF A HYPOTHETICAL MEASUREMENT
PROGRAM AT RICHTON DOME

3.1 PURPOSE AND SCOPE OF EVALUATION

Evaluation of a hypothetical measurement program in support of predictions of
groundwater travel time for the Richton dome candidate site in Mississippi was
undertaken to exercise the B-index approach presented in Sec. 2. The Richton dome site
was chosen solely because the measurement data and regional groundwater models
necessary for evaluation were available for that site. Its selection over other candidate
repository sites in salt was related neither to issues regarding the relative suitability of
the site for a high-level radioactive waste repository nor to measurement programs
either existing or planned for that site.

Although the example evaluation uses "real" measurement data, it is simplified in
that it concerns a single performance objective and focuses primarily on a single
measured quantity. The purpose of the example evaluation is to demonstrate the
approach rather than to provide a comprehensive application. Finally, limitations in the
range of data available for the Richton dome site make it necessary, for the purpose of
this example, to use some data from areas of similar geology.

The example evaluation concerns measurement of the hydrogeologic parameters,
principally hydraulic conductivity, that affect prediction of groundwater travel time in
an aquifer in the vicinity of the Richton dome. Existing data are examined to quantify
the overall uncertainty, or variance, associated with measured model input parameters.
The components of the uncertainty in the measured data are also investigated. The
results of existing sensitivity studies carried out with numerical groundwater models for
the aquifer are used to estimate uncertainties in predictions of groundwater velocity and
travel time, as related to measured quantities. Four schemes for acquiring additional
hydraulic conductivity data are evaluated with respect to their potential for reducing the
uncertainty associated with determinations of that parameter and, hence, the
uncertainty in the predicted groundwater travel time. The 6 index is estimated for each
scheme, and improvements in prediction confidence are related to measurement scheme
costs.

3.2 DESCRIPTION OF THE RICHTON DOME CANDIDATE SITE

The Richton dome candidate repository site is located in a domal salt formation
in southeastern Mississippi. The general description of the area provided here reflects
information publicly available in 1984, much of which is compiled in U.S. Department of
Energy (1984).

Richton dome is shown in Fig. 9, both in plan view by the -915-m (-3000-ft)
mean-sea-level (msl) contour and in a cross section along line G-G' (Law Engineering
Testing Co., 1982). The domal geometry evident in Fig. 9 is based on data from
geophysical tests, boreholes, and petroleum exploration wells. The repository horizon
would be located at approximately -610 m (-2000 ft).
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FIGURE 9 Plan View (outermost perimeter of salt above 3000 ft below mean sea level)
and Cross Section of Richton Dome

The regional formations dip gently to the southwest, bending upward in the
vicinity of the dome. The younger strata overlying the dome dip gently in the same
direction. Faulting over the dome has been inferred by Earth Technology Corp. (1983).
Some of these faults can be verified; those with smaller throws and less continuity may
be local irregularities unrelated to faulting.

Figure 9 also provides generalized information on the regional stratigraphy to a
depth of -1830 m msl (-6000 ft). The strata beneath the Wilcox Group are well below
repository depth; hence, the hydrogeologic environment considered in this example
evaluation extends from a Miocene freshwater aquifer near the surface down through the
Wilcox Group. The lithology and water-bearing characteristics of this stratigraphic
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section are given in Table 1. The data on groundv.ater levels and flow reported in U.S.
Department of Energy (1984) are from available publications, monitoring studies, and the
U.S. Geological Survey water-well data base. The groundwater monitoring indicates the
vertical flow potential in confining units and the horizontal flow potential in aquifer
units.

The generally accepted conceptual view of groundwater in the Richton dome
area has the flow in the Upper Aquifer being driven by groundwater mounds in areas of
higher topographic elevation; local groundwater flow is thought to be toward surface
drainages. Members of the Vicksburg-Jackson unit grade vertically downward into a
fine-grained facies that confines the underlying Upper Claiborne unit. Near the Richton
dome, groundwater flow in the Vicksburg-Jackson unit is essentially vertical, resulting
from upward leakage from the underlying aquifer.

The predominant direction of groundwater flow in the Upper Claiborne unit is
from its outcrop area northwest of Richton toward the south-southeast. The Lower
Claiborne unit separates the Upper Claiborne unit from the Wilcox aquifer unit.
Although information on the hydraulic properties of the Lower Claiborne unit is sparse,
available data suggest that appreciable horizontal flow does not occur through this unit.
On the basis of preliminary modeling results, flow within the Lower Claiborne unit south
of Richton dome is predominantly upward (Earth Technology Corp., 1983).

To evaluate the adequacy of the above conceptual model of the hydrogeology of
the Richton dome area, numerical codes were applied to describe groundwater flow
(1NTERA Environmental Consultants, Inc., 1984) in hydrogeologic units in contact with
Richton dome. In addition, gaps or uncertainties in the data base were identified in
anticipation of future modeling needs. Although the INTERA effort reflects a view of
the groundwater system and modeling valid in approximately 1982, it provides a useful
framework for the groundwater-related measurement example presented in this report.
The fact that the results of the study are preliminary and may be superseded by later
work is unimportant from the perspective of this example.

The regional model of the Mississippi Gulf Coast Basin used was a three-
dimensional, finite-difference groundwater flow code. Response studies were conducted
to examine the effects of changes in hydrologic properties on simulated potentiometric
surfaces, calculated boundary fluxes, Darcy velocities at specific points, and
groundwater travel paths. More-refined and local-scale models were developed to
investigate the effects of salinity and hydraulic conductivity in the environment near the
dome.

The principal results regarding the conceptual modeling of regional flows by
INTERA Environmental Consultants, Inc. (1984, p. 2-3) are:

Evaluation of regional ground-water flow has indicated that the
vertical hydraulic conductivity of areally continuous confining units has
a significant influence on flow in the confined aquifers. The Vicksburg-
Jackson aquitard controls the magnitude and to a lesser extent the
areas of vertical discharge of ground water from the Cockfield-Cook
Mountain-Sparta to the overlying surficial aquifers. Horizontal



TABLE 1 Geologic Units in Uppermost 15,000 m (5,000 ft) at Richton Dome, Their Lithologic and
Water-Bearing Characteristics, and Geohydrologic Unit Designations

Geologic Units
Lithologic

Characteristics
Water-Bearing
Characteristics

Name and
Thickness of

Geohydrologic Units
(m)

Hydraulic Conductivity
(m/day) Trans-

misslvlty
Horizontal Vertical (m3/day/m)

Cockfield

Cook Mountain

Limestone; sand-streaked
and lignltic clay and silt

Loosely cemented, porous
carbonate sand; glauco-
nitic clay shale; and
calcarenitic limestone

Contains saline water

Well yields where fresh
are 140-5500 m3/day

Upper
Claiborne:

10-480

Kosciusko
(Sparta)

Limestone with thin beds
of clay; locally sandy

Zilpha Clay

Winona Sand

Interbedded glauconitlc
clay shale, chalk, and
chalky limestone

Clay shale containing
chalk or marl lenses

Confining unit
Lower

Claiborne:
10-180

3vlO"^ 3.0vl0"6

3vlO"J
[•O

Tallahatta Glauconltic and limy silt-
Formation stone; claystone inter-

bedded with clay shale

Meridian Sand

Wilcox Group

Sand with sandy shale and

lignitic clay

Silty, lignitic shale,
interbedded with silt,
sand, lignitic siltstone,
and fine- to medium-grained
sandstone

Well yields are 410-4100

m/day

No reported well yields

Well yields are 820-9000
m /day

Wilcox
Aquifer:
300-1085

0.3-15 3.0vl0-3 1-1485

Porters Creek

Clay

Clayton

Interbedded shale, lignite,
silt, siltstone, and
sandstone

Sandy, glauconitlc marl;
marly chalk; or calcareous
clay

Confining unit

Midway
Confining

Unit:
0-306

Source: U.S. Department of Energy (1984).



TABLE 1 (Cont'd)

Geologic Units
Lithologic

Characteristics
Water-Bearing
Characteristics

Name and
Thickness of

Ceohydrologic Units
(m)

Hydraulic Conduct ivity
(m/day) Trans-

missivity
Horizontal Vertical (m /day/m)

Alluvi.-m

Terrace Deposits

Quartz sand, chert and
quartz gravel, and silty
clay

Citronelle Silty, clayey sand that
grades into gravel

Pascagoula- Interbedded gravelly sand,
Hattiesburg sand, silty clay, and

lignite

Catahoula Silt, clay, fine- to
medium-grained sand,
gravel, lignite, and a
marker Heterostegina
Zone (Tatum limestone
member)

Chickasawhay Argillaceous to sandy
limestone that is inter-
bedded with clay and marl

Supplies small domestic
wells

Well yields are 11O-27OU
m3/day

Supplies many municipal
and industrial water
users

Well yields are UO-8700
m3/day

Upper Aquifer:
0-336

3-30 0.23 0.5-1210

ho

Vicksburg Group

Forest Hill Sand/
Red Bluff Clay

Jackson Group

Limestone, sandstone, and
clay

Sandy to silty carbonaceous
clay and partially indu-
rated fossiliferoue marl

Variably limy, glauconitic,
sandy, and silty clay, with
basal chalky limestone
(Ocala facies)

Supplies some domestic
wells in northern
Mississippi

Contains slightly saline
water in study area

Vicksburg-
Jackson:
10-210

3vl0"
3vl0~

1.5vl0 11-310
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hydraulic conductivity was considered to decrease downdip within the
Cockfield-Cook Mountain-Sparta due to decreases in the sand
percentage within the Sparta, and for the most part the resultant
overpressurization within this aquifer controls the direction of flow
across the overlying Vicksburg-Jackson aquitard and the underlying
Zilpha-Winona-Tallahatta aquitard. The Zilpha-Winona-Tallahatta
aquitard provides added confinement to the Wilcox aquifer, and as a
result flow within the Wilcox is from its outcrop area to the southern
and eastern model boundaries, with little discharge to the surficial
drainage systems. The ground-water flow regime in the Hattiesburg
and Catahoula is essentially phreatic, with lecharge and discharge
areas being controlled by surficial topography. When density is
incorporated in the flow conceptualization, the downward fluxes are
increased, while the upward fluxes are decreased.

Because the Wilcox Group is located at approximately the proposed repository
horizon (see Fig. 9) and three-dimensional modeling indicates that the Wilcox Group is
relatively well confined, a two-dimensional, finite-element flow and sensitivity code was
developed for flow in the Wilcox by INTERA Environmental Consultants, Inc. (1984).
Adjoint sensitivity analysis was used to relate the sensitivity of the two-dimensional flow
solutions to changes in hydraulic conductivities and boundary head conditions. In
particular, the sensitivities of head values and average Darcy velocities in the area
around the Richton dome were determined.

The sensitivity analyses were conducted both at regional and refined scales. The
regional model covered an area about 190 km (120 mi) by 130 km (80 mi) in square
elements of uniform size, which were 13 km (8 mi) on a side. The refined-scale model
covered only the southernmost 110 km (68 mi) of the regional model, making it about
110 km (68 mi) by 130 km (80 mi). The grid elements were rectangular (with some
squares), with sides that ranged in length from 4.3 km (2.7 mi) to 13 km (8 mi).

The adjoint analysis produced sensitivity coefficients associated with a syecific
simulated flow variable relative to a specific model parameter. The sensitivity
coefficients, given in normalized form for both models are:

• • H I <"»

where:

S = normalized sensitivity coefficient,

P = flow prediction variable (either hydraulic head or velocity near
the dome), and

o = model parameter (either prescribed boundary head or hydraulic
conductivity).



27

Equation 17 can be arranged to provide the derivative terms needed for Eq. 4, which links
prediction uncertainty to the uncertainty in measured quantities. The sensitivity
coefficient values generated by the INTERA studies were used in evaluating the
hypothetical measurement programs discussed in Sees. 3.4.4 and 3.4.5.

3.3 PERFORMANCE OBJECTIVE AND SCENARIO FOR EXAMPLE EVALUATION

For the purpose of the example evaluation, a single performance objective
related to groundwater flow in the vicinity of the Richton dome area is considered. That
objective is the "1000-year pre-waste-emplacement travel time" requirement of 10 CFR
[Code of Federal Regulations] 60.113(a)(ii)(B)(2) (U.S. Nuclear Regulatory Commission,
1984, p. 562):

The geologic repository shall be located so that pre-waste-
emplacement groundwater travel time along the fastest path of likely
radionuclide travel from the disturbed zone to the accessible
environment shall be at least 1,000 years or such other travel time as
may be approved or specified by the Commission.

Other performance objectives are associated with groundwater flow in the
vicinity of the Richton dome. These objectives relate primarily to potential transport of
radionuclides away from the repository. Evaluation of groundwater transport with
respect to these performance objectives also directly affects site characterization
measurements. In other words, the suite of groundwater-related measurements
undertaken as part of the site characterization process is driven by multiple performance
objectives. However, given the need for a simple illustrative example, the situation
treated here concerns only the "1000-year pre-waste-emplacement travel time"
performance objective and a specific subset of measurements related to groundwater
flow.

The distance involved in the travel time performance objective depends on how
the definitions for "disturbed zone" and "accessible environment" are applied to the
Richton dome site. For ths purposes of this example, however, such details are
unimportant. The distance used in the example is 3.3 km (2 mi), taken horizontally at the
repository horizon. This distance might well result from application of the appropriate
definitions and performance regulations.

Just as there are several performance objectives that could influence
measurements related to groundwater transport, there are several possible travel
pathways. One of the simplest of these scenarios was chosen for the example, that is,
conventional flow in a continuous porous medium in the Wilcox Group near the proposed
repository horizon. Alternate scenarios might include (1) short-circuiting through
fractures and discontinuities or (2) partial pathways through dissolution avenues in the
salt. Measurement programs undertaken for site characterization might well focus on
identifying and quantifying geologic features that influence groundwater transport along
such pathways. However, the measurement schemes considered in this example ignore
these possibilities and assume, for simplicity, that the travel time performance objective



28

is related to flow in the Wilcox Group from the edge of the salt dome at the proposed
repository horizon outward laterally for 3.3 km (2 mi).

The simplified travel distance scenario mentioned above was chosen for this
example because evaluating measurement schemes by means of the a-index method
requires a "model" for predicting travel time, and because the INTERA groundwater
model and sensitivity studies of the Wilcox Group were available. Although alternate
travel pathway scenarios could be evaluated using this method, it would be more difficult
given the unavailability of existing predictive means and data for such scenarios. In
principal, however, measurement schemes could be evaluated by this method, even using
relatively crude predictions of travel times associated with discontinuous media.

3.4 MEASUREMENT PROGRAM ANALYSIS

The measurements required for predicting groundwater travel time in the Wilcox
Group in the vicinity of the Richton dome are those related to the input data and
parameters of the INTERA models for the Wilcox. The measurements are principally
related to the geometry of the geologic system modeled, hydrologic boundary conditions,
and aquifer and fluid properties. The geometry, which includes the sizes and shapes of
the geologic units, may influence how the numerical model is discretized, both vertically
and horizontally. The hydrologic boundary conditions are related to the specifications
for no-flow and pressure (head) conditions. Fluid properties refer to density-altering
properties like temperature and salinity, whereas aquifer properties refer to hydraulic
conductivities (vertical and horizontal) and porosities. Spatial variations in fluid and
aquifer properties, together with model discretization (or spatial resolution), determine
the actual values for these properties specified in the computer codes.

3.4.1 General Measurement Objectives

The logic presented in Sec. 2.1 suggests that all measured quantities influencing
the prediction of travel time affect the uncertainty in that prediction and should be
examined to determine the magnitudes of their individual contributions to that
uncertainty. Such a comprehensive investigation was not possible for this example.
Although the model rtiponse studies conducted by INTERA, including its examination of
regional recharge and discharge conditions, provide some guidance on choosing geometric
variables, the data on geometric variables are too sparse to reliably estimate
uncertainties. Moreover, the sensitivity studies undertaken with the models deal only
with the influence of boundary heads and hydraulic conductivity on groundwater
velocities in the Wilcox Group in the vicinity of the dome. Thus, the effects of
uncertainties associated with geometry, fluid properties, and porosity have not been
examined explicitly. Therefore, for the example considered here, the measurement
schemes are oriented toward determining hydraulic conductivity values and the
uncertainties associated with those values.

The availability of hydraulic conductivity data for the Wilcox Group is discussed
and analyzed in detail in App. B. The specific measurements and their ability to reduce
uncertainty in existing data are evaluated in Sec. 3.4.4, following an examination of the
UP ertainties in existing data.
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3.4.2 General Approach

To examine the effects of the uncertainties associated with hydraulic
conductivity measurements on travel time predictions, the uncertainties in existing
hydraulic conductivity data must be determined and the effects of those uncertainties on
Darcy velocity values near the dome must be estimated using the sensitivity study
results.

Sensitivity studies on the INTERA groundwater flow models were performed
using adjoint techniques. These studies led to normalized sensitivity coefficients (see
Eq. 17) for the effects of boundary heads and hydraulic conductivities on head and Darcy
velocity. Figure 10 shows the calculated sensitivity coefficients for head in an element
of the regional model near the dome for variations in boundary heads and element
hydraulic conductivities. Figure 11 shows the calculated sensitivity coefficients for
Darcy velocity in an element in the refined model near the dome for variations in
boundary heads and element hydraulic conductivities. Figure 10 relates to the regional
model, which has large element sizes; Fig. 11 relates to the refined model, which has
small element sizes. The results differ because the parameter perturbations are at
different scales (i.e., element sizes).

These studies indicate that Darcy velocity near the dome is sensitive to boundary
head conditions at the influx and efflux nodes. Increases in head values along the influx
boundary increase the hydraulic gradient and hence the velocity (S > 0); increases in head
values along the efflux boundary decrease the hydraulic gradient and hence the velocity
(S < 0). Darcy velocity is also sensitive to the hydraulic conductivity value in the
element itself and in elements up and down gradient along flow paths. Increasing the
hydraulic conductivity in any element along the flow path increases the Darcy velocity in
that element. Increasing the hydraulic conductivity in elements not on the flow path
diverts flow away from the element, thus decreasing Darcy velocity.

In this example, the boundary heads of the regional model are assumed to be well
known; that is, the values are assumed to have no uncertainty associated with them. This
assumption is not likely to be valid; it is made because data on boundary head uncertainty
in the area are limited and because the example focuses on the effects of uncertainty in
hydraulic conductivity values. Uncertainties in the boundary heads of the refined model
related to uncertainties in hydraulic conductivity in the regional model, however, can be
computed from the results of the sensitivity studies with the regional model (see
Fig. 12). Those studies indicate the influence of hydraulic conductivities on heads near
the dome, and the uncertainties in head there are taken to be representative of
uncertainties in heads at the boundaries of the refined model. Given the uncertainty in
the boundary heads of the refined model, found as indicated above, and the uncertainty in
hydraulic conductivity values, the results of the sensitivity studies with the refined
model can be used to determine the uncertainty in the Darcy velocity near the dome in
the refined model (see Fig. 12).

To summarize, the uncertainty (variance) in the hydraulic conductivity values
was determined (see App. B for the analysis) and applied, with the results of the
sensitivity studies for the regional model, to determine the uncertainty (variance) in
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N

FIGURE 10 Sensitivity Coefficients for Heads for the Regional Model (s = sensitivity co-
efficients for heads) (Source: Adapted from INTERA Environmental Consultants, Inc.,
1984)
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Miles

FIGURE 11 Sensitivity Coefficients for Darcy Velocity for the Refined
Model (s = sensitivity coefficients for Darcy velocities) (Source:
Adapted from INTERA Environmental Consultants, Inc., 1984)

boundary heads for the refined model. The uncertainties in boundary heads and hydraulic
conductivities for the refined model, together with the sensitivity studies, provide an
estimate of the variance in the Darcy velocity near the dome. The details of this
approach are presented in App. C.

3.4.3 Variation in the Hydraulic Conductivity Data

Limited hydraulic conductivity data for the Wilcox Group in the vicinity of the
Richton dome are available for estimating variances. However, data are more numerous
for the same general system of aquifers over a larger region. Hydraulic conductivity
data from geohydrologic investigations at 11 sites in Mississippi, five sites in Louisiana,
and three sites in Texas are examined in App. B. However, hydraulic conductivity data
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FIGURE 12 Relationship between Variation in Hydraulic
Conductivities and Variation in Predicted Darcy
Velocities for the Refined and Regional Models

are not available for all aquifers at all sites. These limitations hinder estimation of
uncertainty and allocation of uncertainty into components (see App. B), but do not
preclude such estimates for the purpose of example computations. The investigations
involved three types of measurements — single-well pumping tests, coring, and formation
testers. They provide an opportunity to estimate the measurement bias caused by
different test techniques.

3.4.3.1 Data Scatter in Hydraulic Conductivity Values

Analyses of hydraulic conductivity values from single-well aquifer tests in three
geologic units (see App. B) are summarized in Table 2. The Upper Hattiesburg Formation
exhibits the largest mean hydraulic conductivity value and the largest data scatter
(spatial variation and measurement noise). The coefficient of variation is 1.5 for these
data. The means and data scatter variances of the hydraulic conductivity values for the
Upper and Lower Wilcox groups are smaller.

Hydraulic conductivity values determined from aquifer pumping tests are
probably more appropriate for calculating travel times than those determined from cores
and formation testers because a larger portion of undisturbed medium is involved in the
pumping tests. Consequently, data from the single-well pumping tests are used to
represent the mean value and data scatter for the Richton dome site. In particular, data
from the Upper Wilcox Group are used because of their appropriateness for the travel
time scenario established in Sec. 3.3 and for the results of the refined-scale model. The
mean hydraulic conductivity value for these tests is 3.4 x 10"5 m/s; the variance (Vj +
V2) associated with the data is 7.4 x 10"10 m*/s2. The coefficient of variation for the
data scatter for the Upper Wilcox Group data is 0.8.
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TABLE 2 Aquifer Teat Data for Hydraulic Conductivity in the Region of the
Richton Dome Site: Single-Well Pumping Test

Geologic Unit
Number
of Testsa

Mean Hydraulic_
Conductivity, K

(m/s)

Data Scatter

(m2/s2)

Upper Hattiesburg 17
Upper Milcox 10
Lower Wilcox 8

5.5 x
3 .4 x
1.0 x

10
10
10
-5
-5

6.6 x
7.4 x

10
10

1.3 x 10

-7
-10
-10

1.5
0.8
1.1

aSee App. B for details concerning locations and analysis.

Coefficient of variation, (|j {vi + V 2 )
1 / 2 .

3.4.3.2 Separating Data Scatter into Spatial Variation and
Measurement Noise

The hydraulic conductivity data for the Upper Wilcox Group in the vicinity of
Richton dome, as analyzed in App. B and summarized in Table 2, are too sparse to use
autocorrelation properties to estimate credibly the proportion of data scatter due to
noise. That technique, described in Sec. 2.2.1.3, requires that hydraulic conductivity
data for a given aquifer be determined at enough areally distributed locations to permit
construction of an autocorrelation-function/lag-distance curve that can be extrapolated
to the zero lag distance.

In the absence of sufficient hydraulic conductivity data from the Richton dome
area, data from another location with analogous geologic conditions were sought so that
the proportions of data scatter associated with spatial variation and noise could be
estimated (i.e., so that Vj and V"2 for hydraulic conductivity could be separated). A set
of hydraulic conductivity data from Harris County, Texas (Myers, 1969), contains values
obtained from tests at 85 locations spread over a horizontal distance of about 15 km
(25 mi). These data were analyzed using a maximum likelihood technique. The results
indicate that there is essentially no noise component to the data scatter variance (i.e.,
V2 = 0). The autocorrelation function for the Harris County data has the form:

Rz(r) = e~ r / 1 ' 5 (18)

where Rz is the autocorrelation function, and r is the lag distance in kilometers. The
autocorrelation length scale was r = 1.5 km (1.1 mi).

Transferring the results of the data scatter analysis of the Harris County data to
the Richton dome site yields:
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Cv (K) = 0.8, and (19)

Cv (K) = 0 (20)

In other words, the total coefficient of variation in hydraulic conductivity data scatter is
attributed to spatial variation (Vj uncertainty), and no contribution from noise (V2
uncertainty) is identified. One can only speculate whether the Harris County results hold
true for the Richton dome site and whether esses exist in which the noise component of
the variance in hydraulic conductivity data is zero. For the purposes of this example,
however, the answer to those questions is moot. To illustrate the effect of spatial
variation on the prediction of Darcy velocity, and thus on the prediction of travel time,
the example calculations will also include the case in which 50% of the scatter in
hydraulic conductivity data from the Richton dome region is attributable to noise. Thus,
for the Upper Wilcox Group data used here, the coefficients of variation for this second
case are:

Cv (K) = 0.57, and (21)

C (K) = 0.57 (22)
V2

3.4.3.3 Estimating the Measurement Bias Variance

Estimating measurement bias requires hydraulic conductivity data from the same
location acquired by different measurement techniques. The data from the Upper Wilcox
Group are insufficient for this purpose. However, data from the Lower Wilcox Group in
study areas in eastern Texas and northern Louisiana were available from core tests,
pumping tests, and formation testers. These data, analyzed in App. B, are from locations
distributed horizontally and vertically in the Lower Wilcox Group. The data provide
some basis for estimating the amount of measurement bias introduced by measurement
technique.

The analysis of the very limited hydraulic conductivity data from the Lower
Wilcox Group and two other geologic units in Texas and Louisiana is summarized in
Tables B.6 and B.7. The coefficient of variation determined from the variance in the
mean hydraulic conductivities calculated from the Texas data is 0.4. This measure of the
bias in the hydraulic conductivity values due to measurement technique will be used in
the example (see App. B), although estimates based on data collected in closer proximity
might be smaller.

3.4.4 Specific Measurement Schemes and Associated Uncertainty

This example focuses on hydraulic conductivity as the measurement parameter of
importance in attempting to reduce the uncertainty associated with groundwater travel
time predictions. The estimates made of the uncertainty associated with available
hydraulic conductivity data at the Richton dome site are discussed in Sec. 3.4.3. Section
3.4.4 examines hypothetical measurement programs that might be carried out to reduce
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the uncertainty in hydraulic conductivity values and to estimate the effect of such
programs on reducing the uncertainty in the travel time predictions. In terms of the
& index method, the changes in 0 associated with each measurement scheme are sought.

The measurement schemes examined here can be considered as a subset, or
module, of a much larger program of measurements directed at reducing the uncertainty
in hydraulic conductivity values over a much larger region. Neither the relationships
between such modules nor the larger program is addressed here, but either one could
influence the amount of uncertainty associated with the spatial variation in hydraulic
conductivity at a regional scale.

3.4.4.1 Measurement Schemes and Their Objectives

The four proposed measurement schemes for providing hydraulic conductivity
data from the Upper Wilcox aquifer for the purpose of reducing the uncertainty
associated with that parameter are described in App. D and summarized in Table 3. The
two components of each scheme are single-well packer tests and multiwell pumping
tests. Multiple packer tests are conducted in each borehole over some vertical interval
in the aquifer. Although the packer tests stress (influence of the aquifer in the region
surrounding the well), the aquifer response (pressure or water level) is sensed only in the
test well. The multiwell pumping test includes not only a pumped well but also, in this
example, four observation wells equipped with piezometers to sense the drawdown in the
aquifer at different distances from the pumped well. In this example, the multiwell
pumping test involves pumping for a week.

Ignored explicitly in the measurement schemes is laboratory permeability testing
of cores obtained during drilling of boreholes for the wells. Although such cores could be
collected during drilling and used for geologic characterization, they are not credited in
this analysis with helping to reduce the uncertainty in hydraulic conductivity. The cores
are discounted because they represent a small volume of the aquifer relative to that
influenced by the pumping tests and because some of the results of limited core analysis
(see App. B) suggest that, even over small vertical intervals, hydraulic conductivity
determinations from cores have large variances.

Multiwell pumping tests, though more expensive than packer tests, are added to
the measurement schemes because they are thought to provide better estimates of
average aquifer response in the vicinity of the pumped well than packer tests. Although
no hydraulic conductivity data from multiwell pumping tests in the Wilcox Group are
available for analysis in App. B to substantiate this belief, it is generally accepted by
geohydrologists. For the example evaluation, it is assumed to be true. Further, the
multiwell pumping tests are viewed as providing "calibration" for the single-well packer
tests undertaken in each scheme.
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TABLE 3 Summary of Components and Costs of Example Measurement
Schemes

Measurement
Type and Cost Scheme 1 Scheme 2 Scheme 3 Scheme 4

Borehole tests
Number of borings
Number of packer tests

per well

Multiwell pumping tests

Total cost ($ x 103)

3.4.4.2 Estimated Uncertainty in Hydraulic Conductivity for
Measurement Schemes

The proposed measurement schemes seek to increase the 0 index for travel time
predictions by decreasing the uncertainty in hydraulic conductivity values. Evaluating
the measurement schemes requires estimating the uncertainty components (variances)
associated with each scheme. The total variance in hydraulic conductivity is the sum of
the variances due to spatial variation, statistical estimation error, and measurement
bias. Measurement noise contributions are assumed to be averaged out and negated by
replicate packer tests (see Sec. 2.2.1.2). Two estimates of the total variance and its
components are made on the basis of two assumptions regarding the relative proportions
of spatial variation and measurement noise in the existing data (see Sec. 3.4.3.2). The
estimates are summarized in terms of variances and coefficients of variation in Tables 4
and 5 and are discussed below.

Spatial Variation Component. Analysis of the existing hydraulic conductivity
data for the region (see Sec. 3.4.3) indicates that a mean value of 3.4 x 10"5 m/s is
appropriate for the Upper Wilcox aquifer and that the variance associated with data
scatter is 7.4 x 10~10 m2/s2 (Cv [K] = 0.8).

vl+2
An analysis aimed at separating the spatial variation and measurement noise

components of the data scatter for the hydraulic conductivity data from Harris County,
Texas, shows that all of the scatter in those data is due to spatial variation. However,
since it is not possible to demonstrate that spatial variation dominates the scatter in the
hydraulic conductivity data from the Upper Wilcox aquifer, the example evaluation, for
the purpose of illustration, explores two possibilities regarding spatial variation. The
first case assumes that the 7.4 x 10"*® m2/s variance (Cy = 0.8) at Richton dome is due
entirely to spatial variation. Those results are presented in Table 4. The second case
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TABLE 4 Estimates of Uncertainty in Hydraulic Conductivity for Measurement Schemes:
Larger Spatial Variation

Item

Number of boreholes

Tests per borehole

Number of multiwell tests

Mean K (m/s)

Spatial C y

ty ty

Spatial variance (m /s )

Estimation C

Estimation variance (m /s )

Bias C v

Bias variance (m /s )

Total CV(K)

Total variance K (m2/s2)

Scheme 1

3.

7.

4.

1.

9.

4

4

1

40xl0"5

0.80

40xl0" 1 0

0.20

62xlO"H

0.40

85x10-1°

0.92

71x10-1°

3

7

1

1,

9.

Scheme 2

8

8

1

.40xl0"5

0.80

.40xl0"l°

0.10

.16xlO"n

0.40

.85x10-1°

0.90

.36x10-1°

3

7

4

4,

8.

Scheme 3

.40

0

.40

0

.62

0

4

4

4

xlO"5

.80

xio-io

.20

xlO-n

.20

.62xlO- n

0

.32,

.85

ao-io

3

7

1

4

7

Scheme 4

.40

0

.40

0

.16

0

.62

0

.98:

8

8

4

xlO"5

.80

xio-io

.10

xlO-n

.20

xlO-n

.83

ao-io

assumes that only half of the scatter can be attributed due to spatial variation, with the
rest being attributable to noise. For the second situation, the coefficient of variation
due to spatial variation is reduced by a factor of l//2~ to 0.57. The results for the
second case are presented in Table 5.

The spatial variation component of the estimated total uncertainty in hydraulic
conductivity for each measurement scheme is a lower bound on the total uncertainty. It
cannot be reduced by additional measurements, as it reflects the inherent variation in
the medium at the scale at which it has been sampled.

Statistical Estimation Component. The statistical component of the uncertainty
is due to the limited number of measurements under the various measurement schemes.
As mentioned above, laboratory testing of cores will not reduce the uncertainty in
hydraulic conductivity values, and no credit is taken for those measurements. The
packer tests (calibrated by at least one multiwell pumping test), however, should provide
improved hydraulic conductivity estimates. Schemes 1 and 3 have 16 packer tests;
schemes 2 and 4 have 64 packer tests.
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TABLE 5 Estimates of Uncertainty in Hydraulic Conductivity for Measurement Schemes:
Smaller Spatial Variation

Number of

Tests per

Number of

Mean K (m/

Spatial C

Item

boreholes

borehole

multiwell tests

s)

Scheme 1

4

4

1

3.40xl0"5

0.57

Scheme 2

8

8

1

3.40xl0"5

0.57

Scheme 3

4

4

4

3.40xl0"5

0.57

Scheme

8

8

4

3.40x10

0.57

4

-5

Spatial variance (m2/s2) 3.76xl0"10 3.76*10~10 3.76xlO"10 3.76xlO~10

Estimation C. 0.14 0.07 0.14 0.07

Estimation variance (m2/s2) 2.35xlO~U 5.87xl0"12 2.35X10"11 5.87xl0~12

Bias Cv

Bias variance (m /s )

Total C,,(K)

0.40 0.40 0.20 0.20

1.85xl0"10 1.85xlO"10 4.62xlO~U 4.62xlO""n

0.71 0.70 0.62 0.61

Total variance K (m2/s2) 5.84xl0"10 5.66xlO"10 4.45xlO~10 4.28xlO~10

The component of variance attributable to statistical uncertainty is estimated to
be the spatial variation of a particular scheme reduced by the reciprocal of the number
of tests, m, performed. The coefficient of variation is then simply the spatial Cv
reduced by the reciprocal square root of m. Thus:

and

V . . = (-) Vstatistical ma spatial

statistical /m spatial

(23)

(24)

Since the number of tests vary by a factor of four among the schemes of this example,
the Cy values of this component vary by a factor of two.
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Measurement Bias Component. As discussed in Sec. 3.4.3.3, the estimate of
measurement bias for hydraulic conductivity data from the Wilcox Group determined by
various means has a coefficient of variation of 0.4. If the multiwell pumping tests are
used to "calibrate" the more numerous packer tests so as to establish the mean bias of
such tests, additional multiwell pumping tests act to reduce the effect of the variance
due to bias in proportion to the number of multiwell pumping tests. Thus, the four
multiwell pumping tests of schemes 3 and 4 should reduce the bias variance by a factor
of four and reduce the coefficient of variation associated with the bias by a factor of
two, as indicated in Tables 4 and 5.

Total Uncertainty in Hydraulic Conductivity. Since the spatial variation
component of the uncertainty in hydraulic conductivity does not change with
measurement scheme design and since the statistical estimation error and measurement
bias components are inversely proportional to the numbers and types of tests, the total
uncertainty in hydraulic conductivity decreases from scheme 1 to scheme 4, that is, with
increased numbers of tests (see Tables 4 and 5). In all cases (both larger and smaller
spatial variation), the uncertainty component due to spatial variation dominates the
total. However, the effect of additional tests, and in particular multiwell pumping tests,
shows clearly in scheme 4, in which total uncertainty has decreased to the point where it
begins to approach that of the spatial variation component alone.

3.4.5 6 Index for Groundwater Travel Time for the Measurement Schemes

The performance objective for this example is a 1000-year groundwater travel
time. To determine the uncertainty in the travel time, the Darcy velocity in a numerical
groundwater flow model must be predicted. The uncertainty in the Darcy velocity
prediction depends on the uncertainty estimates for the hydraulic conductivity associated
with each measurement scheme. The uncertainty in hydraulic conductivity for each
scheme is discussed in Sec. 3.4.4; here, the effects of those uncertainties on the 8 index
for travel time are determined.

3.4.5.1 Uncertainty in Darcy Velocity Predictions

The sensitivity studies undertaken with the two-dimensional groundwater flow
models of the Wilcox Group (INTERA Environmental Consultants, Inc., 1984) relate the
influence of boundary heads and hydraulic conductivity values on Darcy velocities in the
vicinity of the Richton dome (see Sec. 3.4.2). By using the sensitivity results of both the
regional and refined groundwater flow models and the relationship between the variance
of a predicted variable and those of measured quantities (see Sec. 2.1), the uncertainty in
hydraulic conductivity can be related to the uncertainty in predicted Darcy velocity.

The details of the computations required to find the specific relationship
between the uncertainty of model-predicted Darcy velocities, u, and measurement-
scheme hydraulic conductivity are given in App. C. In simple terms, the uncertainty in
hydraulic conductivity in the regional model is used to estimate the uncertainty in the
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boundary heads of the refined model. That result, together with the uncertainty in
hydraulic conductivity in the refined model, yields an estimate of uncertainty in Darcy
velocity near the dome in the refined model. Variances in hydraulic conductivity
appropriate for the Upper Wilcox Group lead to the conclusion that the boundary head
effect, handled in this manner, is small.

The general result of the computations for the groundwater flow models from
App. C is:

Cv(u) = 0.51 CV(K) (25)

In other words, the coefficient of variation in Darcy velocity near the dome is about half
that of the coefficient of variation in hydraulic conductivity input to the model.

Tables 6 and 7 list the uncertainties in the Darcy velocity predictions associated
with each of the measurement schemes, as determined from Tables 4 and 5 and the
application of Eq. 25. Model predictions indicate that the mean value for Darcy velocity
in the vicinity of the dome is 10 m/s. The variance in Darcy velocity can be calculated
from the coefficient of variation in Darcy velocity and the mean value for Darcy
velocity. Since the coefficients of variation for Darcy velocity are directly proportional
to the coefficients of variation for hydraulic conductivity, the changes in uncertainty in
Darcy velocity with measurement scheme follow the same general pattern as those in
hydraulic conductivity (i.e., additional measurements reduce the uncertainty).

3.4.5.2 B Index for Groundwater Travel Time

The 6 index for travel time, t, is:

(26)

where:

t = mean predicted travel time,

*o = travel time objective (1000 years), and

V̂  = variance in travel time prediction.

For the purpose of this example evaluation, the mean and variance of the Darcy velocity
are assumed to be constant along the travel path. Although not a generally appropriate
assumption, the length of the travel path relative to model element size for hydraulic
conductivity values is small in this instance. The travel time for this example is related
to Darcy velocity, u, in terms of porosity, n, and travel distance, L, as:

fc = h <27)
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TABLE 6 B Index and Measurement Scheme Cost: Larger Spatial Variation

Item Scheme 1 Scheme 2 Scheme 3 Scheme 4

Number of boreholes

Tests per borehole

Number of multiwelL tests

Mean K (m/s)

Mean u (m/s)

Total CV(K)

Total variance K (m /s )

Cv(u)

Variance u (m /s )

3

1

9

4

4

1

•40xl0"5

.OOxlO"8

0.92

.71x10-1°

3

1

9

8

8

1

.40xl0~5

.OOxlO"8

0.90

.36x10-1°

3

1

8

4

4

4

•40xl0"5

.OOxlO"8

0.85

.32x10-1°

3.

1.

7.

8

8

4

40x10

00x10

0.83

98x10

0.47 0.46 0.43

-5

-8

0.42

2.18xl0"l7 2.11xlO"17 1.87xlO"l7 1.79xlO"17

Increase in 8 over scheme 1 (%)

Total cost ($ x 103)

1.44

706

1.47

2

1166

1.56

8

1522

1.59

10

1982

TABLE 7 B Index and Cost of Measurement Schemes: Smaller Spatial Variation

Item Scheme 1 Scheme 2 Scheme 3 Scheme 4

Number of boreholes

Tests per borehole

Number of multiwell tests

Mean K (m/s)

Mean u (m/s)

Total CV(K)

Total variance K (nr/s )

Cv(u)

Variance u (m/s )

8

Increase in (J over scheme 1 (Z)

Total cost ($ x 103)

3.

1.

5.

1.

4
4

1

40xl0"5

OOxlO"8

0.71

84xlO-10

0.36

31xl0"17

1.86

706

3

1

5

1

8
8

1

.40xl0"5

.OOxlO"8

0.70

.66xlO"10

0.36

.27xl0"17

1.89

2

1166

3.

1.

4.

1.

4
4

4

40xl0"5

OOxlO"8

0.62

45xl0"10

0.32

OOxlO"17

2.13

15

1522

3

1

4

9

8
8

4

.40xl0"5

.OOxlO"8

0.61

.28x10-1°

0.31

.62xl0~l8

2.17

17

1982
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For a 3220-m (2-mi) travel distance, a porosity of 0.3 (INTERA Environmental
Consultants, Inc., 1984), and a mean Darcy velocity of 10 m/s, the mean travel time, t ,
is 3066 years. Since only the uncertainty in the Darcy velocity is at issue for this
example:

Cv(t) = Cv(u), and (28)

V t
1 / 2 = tCv(u) (29)

For the parameters of this example:

3066 - 1000
_ 3066 Cv(u)

The 6 values associated with each measurement scheme are given in Tables 6 and 7.

The percentage increase in 6 over that for scheme 1 values is also shown in
Tables 6 and 7. The percentage increases in 0 values are, of course, larger in the case
where the spatial variation is smaller (Cy = 0.57). In both cases, the S values increase
most when the number of multiwell pumping tests is increased from one to four in
scheme 3. Increasing the number of packer tests has a limited effect on S values. The
measurement bias component of the uncertainty in hydraulic conductivity (and thus in
Darcy velocity and travel time) is as large or larger than the statistical estimation
component, and the number of packer tests affects only the statistical estimation
component. Because the size of the measurement bias component of uncertainty is
relatively large , the "calibration" effects of the multiwell pumping tests on reducing
uncertainty are relatively large.

3.4.5.3 Measurement Scheme Costs

The costs in August 1984 dollars of each of the four measurement schemes are
discussed in App. D and summarized in Tables 6 and 7. Although additional
measurements in schemes 2, 3, and 4 clearly increase 8 values over those in scheme 1, it
is important to determine whether the increase in s is justified in terms of costs and
performance objectives. As can be seen in Tables 6 and 7 and Fig. 13, the multiwell
pumping tests are expensive but yield a larger increase in 6 value per dollar than do the
packer tests alone. Considerable professional judgment on the part of performance
assessors is required to determine which, or even whether any, of the proposed
measurement schemes are worth undertaking.

In this example evaluation, no information is provided regarding the shape of the
distribution of travel time predictions. Such information might allow an estimate of the
degree of certainty with which the predicted mean travel time of 3066 years exceeds the
target objective of 1000 years. For the sake of example only, a normal distribution of
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FIGURE 13 Increases in 8 and Cost of Schemes 2, 3, and 4 over
Scheme 1

travel time predictions would lead to the conclusions that, in the case of the larger
spatial variation component, an increase in 6 from 1.44 to 1.56 would increase the
likelihood of exceeding the objective from 85% to 88%. In the case of the smaller spatial
variation component, an increase in S from 1.86 to 2.17 would increase the likelihood of
exceeding the objective from 94% to 97%.

3.5 SUMMARY OF GROUNDWATER TRAVEL TIME EXAMPLE

The purpose of evaluating the four hypothetical measurement schemes in support
of groundwater travel time predictions for the Richton dome site was to exercise the 6
index method as a means of evaluating site characterization activities. The
comprehensiveness and completeness of the study were limited in part by the limited
data available for the Richton dome site. Such unavailability does not reflect on the
studies undertaken at Richton dome because the site has not been characterized
explicitly for the purpose of travel time calculations. Further, the data used here are
from very early studies at Richton dome. The limitations, however, do indicate the types
and quantities of data required to apply this approach.

The example evaluation could be changed or expanded to demonstrate other
aspects of the approach. For example, single-well pumping tests could be added, either
in addition to or in place of the packer tests. Examples could also be concocted for
which little or no gain results from additional measurements. For example, although the
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matter of permeability testing of cores was handled implicitly by not taking credit for
such testing in reducing statistical estimation errors, a more explicit example could be
constructed to show a very small gain in s value from extensive additional measurements
of this type.

Porosity is an important source of uncertainty in travel time predictions, even
though it was not considered here for lack of data for the Wilcox Group. However, the
uncertainty in porosity values could be estimated and the travel time predictions worked
through using the available hydraulic conductivity data. For the purpose of examining
the range of potential effects on the 8 index, different assumptions regarding spatial
variation and measurement bias could be justified in view of the limited data

The example evaluation was kept simple to demonstrate the general approach
and to consider probable problems, necessary assumptions, and data limitations. It is
"real" to the extent that it is based on data from the Richton dome site, but it is
incomplete in the sense that it does not examine all of the "realistic" measurement
alternatives.
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4 CONCLUDING DISCUSSION

4.1 DETERMINING HOW MANY MEASUREMENTS ARE ENOUGH

The 8-index approach to evaluating site characterization activities provides
quantitative assistance for determining how many measurements are enough. If a
quantitative performance objective exists and a model of the system is available for
predicting the performance variable as a function of measured quantities, then the
B-index approach is applicable. The level of quantitative guidance provided will depend
in large measure on the information available to calculate the uncertainties associated
with measured quantities. The example evaluation detailed in Sec, 3 illustrates the
potential limitations of inadequate data. On the other hand, the knowledge of data
limitations gained by applying the approach may be valuable in its own right. Early
identification of data inadequacies may result in revised measurement and testing
programs that generate the types of data needed to assess uncertainties.

Applying the B-index approach also provides qualitative assistance. If the
measurement scheme evaluations are to be performance based, the logic associated with
identifying important parameters for prediction, establishing the levels of uncertainty of
those parameters, and determining the sources of uncertainty in essential measured
quantities is particularly important. In evaluating site characterization activities, the
links between measurements and performance objectives must be considered if the
rationale for measurements is to transcend the more traditional approaches (e.g., "we
always measure this" or "we will measure as much as we can").

Measurement plans should never be evaluated solely on the basis of a 8 value
because certain important subjective inputs should not be ignored. However, the B-index
approach affords an opportunity to document important aspects of the evaluation process
quantitatively.

4.2 POTENTIAL APPLICATIONS

The high-level radioactive waste isolation program, with its focus on mined
geologic repositories, provides a suitable application for the B-index approach. Specific
repository performance objectives are documented in the regulations, and the extensive
site characterization activities are costly enough to warrant concern about the mix and
scope of measurements undertaken.

Analogous problems are associated with facilities for shallow disposal of
hazardous waste and with contaminated sites requiring remedial action. Measurement
programs proposed for solving such problems can be evaluated using the 6-index
approach. Specific regulatory performance objectives may already exist (e.g., a
groundwater travel time or a concentration limit at a particular location). In some
cases, objectives may have to be established as part of the study. Finally, the 6-index
approach need not be restricted to geologic media; air and water are other candidates for
the approach, particularly in the case of pollution problems requiring measurements and
modeling for their solution.



46

4.3 ACCEPTABLE LEVELS OF UNCERTAINTY

The 6-index approach to evaluating measurement programs can never answer the
following question: "What is an acceptable level of certainty that a predicted value
exceeds a performance criterion?" Indeed, determining a range of 6 values for various
measurement schemes simply begs the question. Regulations or technical guidance can
specify answers, but those answers will reflect judgments on acceptable environmental,
health, and financial risks. However, since the B-index approach provides a framework
for investigating the uncertainties associated with predictions based on measurements,
its application should encourage those studying risks and promulgating regulations to
continue grappling with the question of acceptable levels of uncertainty.

4.4 FUTURE WORK

Applying the s-index approach to specific problems will permit further
assessment of its utility. The measurement schemes of future applications should be
more complex than those dealt with in Sec. 3. More than one essential parameter should
be considered, and each essential parameter should be examined as to its spatial
variation and the uncertainty associated with measurement bias. Geostatistical
approaches should be reviewed concerning their applicability to the problems of data
variability. Finally, the general approach should be applied to measurement activities
that address multiple performance objectives.
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APPENDIX A

STATISTICAL NOTATION

Statistic Symbol Estimate

Mean x (1 /n) I x.

Variance V [l/(n - 1)] Z (x£ - x )
2

1/2
Standard deviation s V

x x

Coefficient of variation C (x) V /(x)
v x

Covariance C(x,y) [l/(n - 1)] I (x - x) (y - y)

Correlation p

Autocovariance C (r) [l/(n - 1)] Z (x. - x) (x.+ - x)

Autocorrelation R (r) C (r)/V
X XX

Autocorrelation distance r Distance at which Rx(r) due to spatial

variation decreases to 37% of the value

at r = 0
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APPENDIX B

UNCERTAINTY IN HYDRAULIC CONDUCTIVITY DATA

B.1 INTRODUCTION

Evaluating hypothetical measurement schemes related to predicting groundwater
travel times requires estimating the uncertainty associated with various geohydrologic
parameters, one of the most important of which is hydraulic conductivity. However,
App, B deals principally with this parameter simply because the example evaluation
presented in Sec. 3 considers horizontal groundwater flow in the Wilcox Group at the
Richton dome candidate site.

Estimating the uncertainty in predictions of groundwater travel times depends on
the uncertainty in hydraulic conductivity values determined from measurements. To
evaluate measurement schemes for obtaining additional hydraulic conductivity data,
some knowledge is needed of how that uncertainty is distributed among the several
components of data scatter and systematic error.

In Sec. 3, geohydrologic data from the Wilcox Group provide the basis for
estimating the uncertainty associated with the four proposed measurement schemes.
Those data, which are the result of limited investigations and measurements in the
Richton dome area, are analyzed in App. B in some detail with regard to uncertainty.
Although not the result of detailed measurement programs, the data do serve to
illustrate how such data can be analyzed. The results of the analysis are used wherever
possible in Sec. 3; additional measurements would provide a more extensive data set for
similar analyses. In cases where the paucity of data in the vicinity of the Richton dome
would have led to unreliable estimates, data from the same or similar formations were
sought from measurements taken over a larger area.

B.2 DATA SELECTION

As part of DOE efforts to site a repository in salt, a number of related geologic
and hydrologic investigations were conducted in the vicinity of five salt domes (see
Fig. B.I) in the coastal plain regions of Texas (Law Engineering Testing Co., 1983a,
1983b), Louisiana (Law Engineering Testing Co., 1983c, 1983d), and Mississippi (Law
Engineering Testing Co., 1983e, 1983f). Subsurface geologic and hydrologic data and
samples were collected at three sites in Freestone and Leon counties, Texas; at five sites
in Webster and Bienville parishes, Louisiana; and at 11 sites in Perry, Forrest, and Marion
counties, Mississippi. As many as five separate wells were drilled close to each other at
each site, and each well was completed (screened) in a different geohydrologic unit.

The three types of tests conducted during these studies provide hydraulic
conductivity or permeability data. First, at most wells, single-well pumping tests were
performed in which water levels were recorded during drawdown as the well was pumped
and again during recovery after pumping was terminated. Unless problems had been
encountered during the test, both sets of water-level measurements were analyzed,
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FIGURE B.1 Location Map of Five Salt Domes in the
Gulf Coast Region Where the Geohydrologic Data
Used in This Analysis Were Collected (Source:
Slaughter et al., 1983)

thereby providing two estimates of transmissivity and hydraulic conductivity for each
test (Law Engineering Testing Co., 1983g-y). Second, some wells were continuously
cored during drilling, and sidewall cores were collected from selected geologic units in
other wells after drilling was completed. Most cores were analyzed in the laboratory.
Distilled water was used under simulated overburden pressures to obtain permeability
values (Slaughter et al., 1983). Third, a formation tester (Watt, 1974) was used in two
wells to sample formation fluids and to monitor formation pressure changes during
sampling. These pressure data were analyzed to estimate the permeability of the units
tested (Slaughter et al., 1983).

Some of the test results are reported as permeability and others as hydraulic
conductivity. The permeability of a geologic material measures its ability to transmit
fluid and has dimensions of length squared. Intrinsic permeability, k, is a property of the
material alone and is independent of the properties of the fluid. It is expressed as
(Lohman, 1972):

k = -uv
g(dh/ds) (B.I)

where:

k = intrinsic permeability (length [L] squared),

u = Darcy velocity (L per unit time [T]),
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9 1v = kinematic viscosity (LT ),

g = acceleration of gravity (LT ), and

dh/ds = hydraulic gradient, or unit change in head per unit length of
flow.

Hydraulic conductivity also relates to the ability of a medium to transmit fluid, but it
incorporates fluid (principally viscosity) as well as material properties. The relationship
between hydraulic conductivity and intrinsic permeability is (Freeze and Cherry, 1979):

K = ^S. = ^ (B.2)
U v

where:

K = hydraulic conductivity [LT"1],

o = density of fluid (mass [M] L"3),

u = dynamic viscosity of fluid [ML T ], or vp, and

k, g, and v are defined as for Eq. B.I.

During the field testing program described above, formation fluids were sampled
from the geohydrologic units that were tested. These samples were analyzed to
determine total dissolved solids content, density, and kinematic viscosity. Because these
fluid characteristics had been determined, the permeability data obtained by the
formation tester and from the core analyses were converted to hydraulic conductivity
values for the present analysis using Eq. B.2. Thus, data from all three test procedures
are expressed as hydraulic conductivity values to provide a common basis for comparison.

Both hydraulic conductivity and permeability are directional properties, and most
geologic materials are anisotropic. The horizontal conductivities of sedimentary units,
for example, are typically much greater than their vertical conductivities. The data
collected by pumping tests and formation testers are generally considered to reflect
horizontal hydraulic conductivity. On the other hand, the directional component of the
core data depends on the orientations of the cores as they were collected and tested.
This directional characteristic of the data, coupled with the obvious differences in scale
(i.e., volume of medium involved) associated with the various testing methods, makes
direct comparison of data collected by different methods rather tenuous and contributes
to the calculated data variance (see Sec. B.3.2). However, data obtained by different
testing methods provide the basis for estimating the variance in hydraulic conductivity
values caused by measurement bias.

Table B.I summarizes the well locations, test depths, geologic units, and methods
used to collect the hydraulic conductivity data for the Gulf Coast studies. This data base



TABLE B.I Location, Testing Method, Geologic Unit, and Depth Information for the Hydraulic Conductivity
and Permeability Data Analyzed in This Study

Site Well Geologic Unit

Pumping

Test Deptha

(m)
Core Depth

(m)

Formation
Tester Depth

(m)

East Texas Study Area
Freestone County

Leon County

North Louisiana Study Area
Webster Parish

Bienville Parish

TOG- 1
TOH-5
TOH-2

WS
D
A
AO

D2

Carrizo Formation
Carrizo Formation
Lower Wilcox Group

Upper Wilcox Group
Lower Wilcox Group
Carrizo Formation

LH-2

LH-7

LH-17

LRH-13

A
B
WS
A
B
WS
B
WS
A

WS
A

C

WS

Nar.atoch Formation
Wilcox Group

Alluvium/Sparta Formation
Lower Wilcox Group
Carrizo Formation
Sparta Formation
Nacatoch Formation
Lower Wilcox Group
Cane River Formation
Upper Wilcox Group
Lower Wilcox Group
Sparta Formation
Cane River Formation
Upper Wilcox Group
Sparta Formation
Upper Wilcox Group
Lower Wilcox Group
Midway Group
Arkadelphia Formation
Nacatoch Formation
Saratoga Formation
Taylor Group
Austin Group
Sparta Formation
Cane River Formation
Upper Wilcox Group
Lower Wilcox Group
Nacatoch Formation
Lower Wilcox Group
Sparta Formation

30.8-49.4
144.2-175.U
580.3-586.1
261.2-292.3

157.3-175.9

506.7-547.1
200.7-225.6
18.8-41.0

451.1-469.7
287.5-313.9
145.4-170.7
399.9-418.5
8...6-130.8

319.1-370.3

171.9-201.8
23.8-58.5

773.3-822.0

558.1-584.6
277.1-295.7

9.8-28.7

230.1-452.3
460.9-640.1

91.4

231.6-259.0
284.4-408.4
25.9-48.8
64.0-114.0
128.6-165.8

256.0-292.6
319.7-524.3
549.6-557.2
558.7-603.5
612.6-618.7
630.9-769.6
780.3-903.7

31.7
38.7-101.8
109.1-182.3
201.2-223.7

557.2

532.8, 583.7, 638.6

CO

161.5
256.0, 285.9

543.8
563.9
623.6

780.0, 792.5, 810.8, 860.7



TABLE B.1 (Cont'd)

Location Site Well Geologic Unit

Pumping
Test Deptha

(m)
Core Depth"

(m)

Formation
Tester Depth

(ra)

Mississippi Study Area
Perry County

MH-4

MRIG-9
MRIG-10

C
D
WS
A
B
C
D
WS
WS
_

Forrest County

MCCt-2 - Sparta Formation
WS Upper Hattiesburg Formation

MCCH-3 A Cockfield Formation
B Catahoula Formation

Vicksburg Group
Jackson Group
Cockfield Formation
Sparta Formation
Catahoula Formation
Lower Hattiesburg Formation
Upper Hattiesburg Formation
Upper Wilcox Group
Sparta Formation
Cook Mountain Formation
Catahoula Formation
Citronelle Formation
Upper Hattiesburg Formation
Catahoula Formation
Chickasawhay Formation
Vicksburg Group
Jackson Group
Claiborne Group
Upper Wilcox Group

WS Upper Hattiesburg Formation
A Catahoula Formation

Vicksburg Group
Cook Mountain Formation
Upper Wilcox Group
Lower Wilcox Group

B Upper Wilcox Group
C Cook Mountain Formation
D Catahoula Formation
WS Upper Hattiesburg Formation
A Middle Wilcox Group
B Sparta Formation
C Cook Mountain Formation
D Catahoula Formation
WS Upper Hattiesburg Formation
A Upper Wilcox Group
B Sparta Formation
C Cook Mountain Formation
D Catahoula Formation
WS Upper Hattiesburg Formation

MRIH-11

MH-5

MH-7

812.
62.
935.

1050.
545.
371.
92.
762.
592.
516.
331.
25.
112.

797,
85

1281
769
481
277
36

10/3
760
684
456
49
808
591
495
234
102

6-815.6
8-75.6
1-944.6

.6-1063.8

.6-558.7
,9-381.3
7-105.5
,9-769.6
,8-598.9
.9-523.6
.9-333.3
.3-37.2
.5-115.5

.1-803.5

.3-88.4

.7-1288.1

.0-778.8

.3-490.7

.1-283.5

.3-48.8

.2-1079.6

.5-769.9

.0-697.1

.3-469.4

.7-56.4

.0-814.7

.3-598.0

.3-504.7

.4-243.8

.4-114.6

597.4
701.0

792.5-853.4
914.4

1057.7-1062.2

231.6-307.8
370.3
405.4

479.5-496.8
533.4-576.1
798.3-821.4

280.4
353.6

445.0-520.6
709.6-1018.0
1161.3-1416.1



TABLE B.1 (Cont'd)

Location Well Geologic Unit

Pumping
Test Deptha

(n)
Core Depth

(m)

Formation
Tester Depth

(nO

Marion County MH-6 A Upper Wilcox Group 994.9-1001.6
B Sparta Forniation 830.3-840.0
C Cook Mountain Formation 727.6-737.0
D Catahoula Formation 419.1-425.2
WS Upper Hattiesburg Formation 90.5-100.3

MH-8 A Upper Wilcox Group 969.0-972.3
C Cook Mountain Formation 753.2-766.3
WS Upper Hattiesburg Formation 66.8-85.6

Screened interval for single-well pumping tests. Screens were not always continuous throughout the indicated depths.

Well TOH-2AO was cored continuously throughout the indicated depth interval. The remaining values are the depths or depth
intervals at which sidewall cores were collected.

Source: Compiled from Slaughter et al. (1983) and Law Engineering Testing Co. (1982 h-y).
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was used to estimate the variability in the hydraulic conductivity data. The generalized
stratigraphic relationships and the water-bearing characteristics of the major geologic
units in the Texas, Louisiana, and Mississippi study areas are described in Law
Engineering Testing Co. (1982a, 1982c, 1982e).

B.3 DATA SCATTER AND SYSTEMATIC ERROR IN HYDRAULIC
CONDUCTIVITY DATA

The uncertainties, or errors, involved in estimating physical properties from data
can be divided into four components (see Sec. 2 and Fig. 4). Section 3 illustrates how the
variances in hydraulic conductivity values estimated below using the data collected in
the Gulf Coast studies can be used to evaluate the effect of additional measurements on
the uncertainty in predictions of travel time.

As shown in Table B.I, more than one well was usually drilled at each study
site. In some cases, a single geologic unit was tested by different methods in different
wells. For example, a pumping test may have been performed on a unit in one well, and
cores may have been collected from the same unit in a nearby well at the same site.
Because adjacent wells at a site were rarely more than about 30 m (100 ft) apart, we
assumed for the calculations that follow that data from a given site could be treated as
though collected from a single well. In other words, we assumed that all data from a
single site are indicative of conditions at a single horizontal location in the geologic unit
of interest.

B.3.1 Spatial Variation (Vj), Measurement Noise (V2), and Statistical
Estimation Error (Vj)

Separating data scatter into its V, and V2 components is difficult without an
independent means of estimating spatial variation. One approach to segregating the
effects of V, and V, is autocovariance analysis (see Sec. 2.2.1.1). However, insufficient
data preclude segregating V, and Vg in the data analyses presented in this apper Jix.

Table B.2 gives the results of the pumping tests conducted in the Miocene Upper
Hattiesburg Formation at nine locations in the Mississippi study area (see Table B.I).
The summary statistical values were calculated using all pumping test results from the
Hattiesburg Formation conducted throughout the Mississippi study area. This area is
approximately 93.4 1cm (58 mi) by 35.4 km (22 mi), incorporating approximate* j 3305 km
(1276 mi ) (Law Engineering Testing Co., 1982e). Such a large area was necessary to
achieve a reasonable number of tests for analysis.

Hydraulic conductivity data are given for both the drawdown and recovery phases
of each test. In these calculations, the values obtained from drawdown water level
analyses (K_.J) are considered to be separate from those obtained from the recovery
water level observations (Kr), even though the same well was used to obtain both values
at any single location. Consequently, we consider the data set presented in Table B.2 to
include 17 individual estimates of hydraulic conductivity.
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TABLE B.2 Basic Data and Summary Statistics for
Single-Well Aquifer Tests of the Upper Hattiesburg
Formation in tbe Mississippi Study Area

Location

MRIH-11
MRIG-10
MRIG-9
MCCG-2
MCCH-3
MH-5
MH-6
MH-7
MH-8

Basic Data

Screened
Interval

(m)

36.3-48.8
85.3-88.4
112.5-115.5
62.8-75.6
92.7-105.5
49.7-56.4
90.5-100.3
102.4-114.6
66.8-85.6

Summary

K a

dd(cm/s)

c

1.77 x 10~*
2.71 x 10"3

6.14 x 10"3

7.48 x 10"2

9.06 x 10"3

5.12 x 1O"2

4.43 x 10"2

5.08 x 10"2

Statistics

3
2
7
5
8
7
4
1
4

K b

(cm/s)

.14 x 10

.86 x 10~*

.41 x 10"*

.93 x 10"3

.12 x 10"2

.81 x 10~3

.87 x 10"2

.81 x 10"1

.95 x 10"2

Number of tests = 17

Mean of K = 5.46 x 10~2 cm/s

Vx + V2 = 6.57 x 10"
3 cm2/s2

V3 = 3.86 x 10"
4 cm2/s2

Cv = 1.48vl+2
C,, = 0.36

^ j ^ = hydraulic conductivity obtained from
drawdown water levels in pumped well.

Kr = hydraulic conductivity obtained from
recovery water levels in pumped well.

cData are not available.

Source: Basic data obtained from Law Engineering
Testing Co. (1982h-q).



63

The mean of the hydraulic conductivity values in Table B.2 was obtained by the
standard relationship:

! n
K
~ — (* 1 T v <Tt Vi

- I —I j K . KO.o/
n . f;1 1

and the variance of these data was obtained by:

V,. = (—i-r) I (K. - K)2 (B.4)
K n - 1 . ^ i

The statistical estimation error (Vg) in these data was estimated by:

V 3 = n = ^ ^ V l * V 2^ ( B > 5 >

where n (sample size in each equation) is equal to 17 for these data.

The coefficient of variation, Cv, is the ratio of the standard deviation to the
mean and is a useful measure of variation. CL and Cv are calculated by:

vl+2 V3

c = z (vi * v J 1 " <B-6>
v l+2 K l l

and

(B.7)

and are given in Table B.2 and subsequent tables.

The spatial variation reflected in Vj in the above analysis is lateral, or
horizontal, variation. If appropriate data are collected, vertical variation within a given
geological unit at a given horizon can also be examined. Table B.3 presents depth,
permeability, and hydraulic conductivity data obtained from laboratory analysis of core
samples collected from the Upper Wilcox Group of Paleocene-Eocene age at the Texas
study area. This data set, which comprises 29 measurements, is the largest number of
hydraulic conductivity values obtained by a single test method at one location for any
geologic unit.

The summary statistical values in Table B.3 indicate that the coefficient of
variation for data scatter is 3.13. The difference in scales for horizontal and vertical
spatial variation is reflected in Tables B.2 and B.3. The values given in Table B.2, which
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TABLE B.3 Depth, Intrinsic
Permeability, and Hydraulic
Conductivity Data Obtained
from the Laboratory Analysis
of Core Samples of the Upper
Wilcox Group in Leon County,
Texas

TABLE B.3 (Cont'd)

Depth
(m)

230
241
255
256
262
265
270
273
281
282
286,
308,
313,
324,
328.
331.
335.
342.
372.
381.
392.
393.
417.
427.
437.
442.
445.
448.
452.

.1

.4

.1

.9

.1

.2

.2

.9

.0

.4

.8

.8

.0

.9

.9

.0
,1
,3
,8
,9
,0
8
0
2
8
0
8
7
2

Basic

k.
(md)

11
157
0

219
0

2420
102
6

520
25
3,

158
4,
0.

142
10

248
129
0.
0.
0.
2.
0.
3.
2.
0.
0.
14.
8.

.03

.65

.8

.4

.7

.2

.01

,21
,04
22
6
14
6
6
32
08
0
5

Data

1
1
3
2,
7,
2,
1,
7.
5.
2.
4.
1.
4.
1.
1.
1.
2.
1.
2.
4.
2.
2.
1.
4.
2.
3.
9.
1.
9.

Ka

(cm/s)

.25 x

.79 x

.42 x

.49 x

.40 x

.76 x

.16 x

.74 x

.92 x

.89 x
,21 x
,80 x
,78 x
14 x
62 x
,14 x
82 x
47 x
39 x
56 x
51 x
96 x
59 x
10 X
96 x
64 x
11 X
59 x
68 x

1 0"«
10" 8

10~ 4

l0~l
1 O ' A
10-4

io-Jlcrl
10"6

10-4

io-6
10"8

10"4

10-51Crl
10"4

10"«
10"810"I
io-;
lO-J
10"6

10"6

10"«
10-8
10~5

10"6

Summary Stat i s t ics

Number of tests = 29

Mean of K = 1.65 x 10"4 cm/s

V2 + V2 = 2.66 x 10"7 cm2/s2

V3 = 9.18 x 10"9 cm2/s2

= 3.13
H-2

= ° '58

Calculated using Eq. B.2 and
characteristics of formation
fluids.

Source: Basic data from
Slaughter et al.
(1983).

are from measurements over an area of
approximately 3305 km2 (1276 mi2), vary
over four orders of magnitude, whereas
those in Table B.3 vary over six orders of
magnitude for a vertical distance of about
220 m (722 ft). However, direct quantita-
tive comparisons regarding spatial varia-
tion between the data in these two tables
are inappropriate because the spatial and
noise variances are combined and because
different geologic units, locations, and
test methods are involved.

Hydraulic conductivity values
obtained from pumping tests can be
meaningfully compared with those from
cores only if data are collected from the
same geohydrologic unit in the same
geographical area. Data from both
pumping tests and cores are available for
the upper and lower portions of the Wilcox
Group in all three study areas. However,
the maximum distance between pumping
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test locations is approximately 68 km (42 mi), whereas that between the two core
collection locations is about 10 km (6 mi). The largest amount of data for the Upper
Wilcox and Lower Wilcox groups was collected in the Mississippi and Louisiana study
areas, respectively (see Tables B.4 and B.5). In Table B.4, the mean values for hydraulic
conductivity of the Upper Wilcox obtained from the two test types are similar as are the
data scatter variances reflected in C,,

vl+2
The summary statistics for the Lower Wilcox data from Louisiana (see Table B.5)

indicate that the means and coefficients of variation for data scatter are nearly identical
for both pumping test and core data. Furthermore, these values agree fairly closely with
those in Table B.4, even though the data are from different parts of the Wilcox Group at
sites 400 km (250 mi) apart.

Contrary to other studies that have shown significant discrepancies between
laboratory and in situ test results for hydraulic conductivity (cf. Olson and Daniel, 1981),
this small sample of hydraulic conductivity data shows good agreement between mean
values and variances obtained from single-well pumping tests and laboratory tests of
cores, although individual values do vary over a fairly wide range.

B.3.2 Measurement Bias (V4)

Hydraulic conductivity data are available for this study from three sources:
single-well pumping tests, core analyses, and formation tester results (see Table B.I). To
estimate the measurement bias (V4) associated with these procedures, data must be
available from all three methods for the same depth range in a given geologic unit and
for the same location. In other words, the same vertical zone must be tested by all
methods at any given horizon to eliminate, or at least to minimize, the influence of the
remaining three variance components. It is apparent from Table B.I that only a small
amount of data was collected in this manner. Aquifers were tested and cores were
collected at numerous locations throughout the study region, but formation tester results
were reported by Slaughter et al. (1983) for only two wells.

Hydraulic conductivity and corresponding depth data for the Lower Wilcox Group
at location TOH-2 in Leon County, Texas, are given in Table B.6. These data are
organized according to the test method used to collect each subset of data. Over the
vertical range tested during the pumping tests, only one hydraulic conductivity value was
obtained from the formation tester and three values were obtained from core sample
analysis. Although hydraulic conductivity values other than those in Table B.6 were
estimated using the data in Table B.I, they were not used because the depths represented
were less than or greater than the screened interval for the pumping tests.

The first step in estimating measurement bias is calculating the mean of the
hydraulic conductivity values obtained by each test method using Eq. B.3 (see
Table B.6). Inspection indicates that the means are in relatively close agreement with
one another. The second step is calculating the mean of the individual mean values
using:

Kt = l- }=i K. (B.6)
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TABLE B.4 Basic Data and Summary Statistics for Single-Well Aquifer Tests and
Laboratory Core Analyses Obtained from the Upper Wilcoz Group in the
Mississippi Study Area

Screened
Interval
(m)

762.9-769.6

797.1-803.5

769.0-778.2
994.9-1001.6

808.0-814.7

969.0-972.3

Aquifer Tests

If ^

(cm/s)

3.81 x 10"3

4.66 x 10"3

e

3.06 x 10"*

e

4.07 x 10"3

3

4

3
1

9

8

K

Basic Data

b

(cm/s)

.46

.35

.13

.36

.39

.01

x lO"3

x 10"3

x lO-3

x 10"*

x 10"3

x 10"*

Summary

Depth
(m)

798.3
800.1
801.6
803.1
821.4
709.6
771.1
861.1
886.1
905.3
928.1
1018.0

Statistics

Core Data

Kinematic
Viscosity

(centistokes)

0.629

0.635

kc

(md)

2016
1732
1550
124
672
757
675
500
750

1012
502

1523

3
2
2
1
1
1
1
7
1
1
7
2

K*1

(cm/s)

.10 X

.67 x

.39 x

.91 x

.03 x

.15 x

.03 x

.62 x

.14 x

.54 x

.65 x

.32 x

lO"3

10-3
10-3
10"*
10-3
10-3
10-3
10"*
10-3
10-3
10"*
10-3

Number of tests = 10

Mean of K = 3.41 x 10"3 cm/s

Vx + V2 = 7.34 x 10"
6 cm2/s2

V3 = 7.34 x 10"
7 cm2/s2

Cv = 0.79
vl+2
Cv 3 = °-

25

Number of tests = 12

Mean of K = 1.51 x 10"3 cm/s

vl * V2 = 8'08 * 10~? cn|2/s2

V3 = 6.73 x 10"
8 cm2/s2

C u = 0.60
vl+2

° 1 7

a^dd = hydraulic conductivity obtained from drawdown water levels in pumped well.

Kr = hydraulic conductivity obtained from recovery water levels in pumped well.

ck = intrinsic permeability obtained from laboratory analysis of cores.

dK = hydraulic conductivity calculated from intrinsic permeability using Eq. B.2 and
tabulated values of kinematic viscosity of formation fluid.

eData are not available.

Source: Basic data from Law Engineering Testing Co. (1982j,l,m,n,p, and q) and
Slaughter et al. (1983).
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TABLE B.S Basic Data and Summary Statistics for Single-Well Aquifer Tests and
Laboratory Core Analyses Obtained from the Lower Wilcox Group in Bienville
Parish, Louisiana

Screened
Interval

(m)

277.1-295.

451.1-475.

319.1-370.

89.6-130.8

,7

8

3

i

Mean

Vl +

V3

Aquifer Tests

2

4

1

1,

if a
Kdd
(cm/s)

.70 x 10"3 2

.24 x 10"5 3

.80 x 10~* 1

.13 x 10"3 1

Number of tests =

of

V2

K = 1.01 x 10"

= 1.28 x 10"6

1.61 x 10"7 cm

Cv =1.12
vl+2
Cv = 0.40

Basic Data

Kr
b

(cm/s)

.70 x 10"3

.53 x 10"3

.87 x 10"A

.13 x 10"3

Summary

8

'3 cm/s

cm2/s2

2/s 2

Depth

(m)

201
204
223
256
262
271
277
292
284
325
344
370
387
408

.2

.2

.7

.0

.1

.3

.4

.6

.4

.5

.4

.3

.1

.4

Core

Kinematic
Viscosity

(centistokes)

0.869

0.780

Statistics

Number of

Mean of K = 9

Vl + v 2 = l.o:

V3 = 7.32 x

c
vl+2
C =
V3

Data

kc

(md)

1400

1500

350
1175

3200

0.7
670
1450

1000

0.4
441
11
1.2
3.3

tests =

1
1
3
1
3
7
7
1
1
4
5
1
1
4

14

Kd

(cm/s)

.56 x

.67 x

.90 x

.31 x

.56 x

.80 x

.46 x

.62 x

.24 x

.96 x

.47 x

.37 x

.49 x

.10 x

.05 x 10~* cm/s

} x 10"6

10"8 cm

= 1.12

= 0.30

cm2,

2 / s 2

fs2

io-3

10~3

10~*
10~3

10-3

10~7

10~*
lO-3

lO-3

10~7

10"*
10~5

10"6

10~6

aKj<j = hydraulic conductivity obtained from drawdown water levels in pumped well.

K = hydraulic conductivity obtained from recovery water levels in pumped well.

ck = intrinsic permeability obtained from laboratory analysis of cores.

K = hydraulic conductivity calculated from intrinsic permeability using Eq. B.2 and
tabulated values of kinematic viscosity of formation fluid.

Source: Basic data obtained from Law Engineering Testing Co. (1982s-v) and Slaughter
et al. (1983).
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TABLE B.6 Data Collected from the Lower Wilcox Group at Site TOH-2 in
Leon County, Texas, and Used to Estimate Measurement Bias

Basic Data

Hydraulic Mean of
Depth Conductivity Test Method

Test Method (m) (cm/s) (cm/s)

Single-well aquifer t e s t 580.3-586.1 2.30 x 10
Drawdown 2.47 x 10
Recovery 2.12 x 10

Laboratory analysis of cores 581.6 9.98 x 10~6 4.38 x 10
582.5 3.04 x 10"6

585.8 1.30 x 10"3

Formation tester 583.7 5.12 x 10"* 5.12 x 10

Summary Statistics

K = 3.81 x 10"4 cm/s

Kt= 3.90 x 10~
4 cm/s

V4 = 2.10 x 10"
8 cm2/s2

C = 0.38
V4

Source: Basic data obtained from Law Engineering Testing Co. (1982x)
and Slaughter et al. (1983).

where:

K = mean value obtained from the individual mean value for each test
method,

K. = mean of the individual hydraulic conductivity values obtained by
the jth test method, and

m = the number of test methods used to obtain the data.
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After K has been calculated, the measurement bias (V4) (i.e., data variance attributable
to the test method) is quantitatively estimated from:

V4 " PI j x (
Sj " V2 <B'7>

Values for K and V4 are also presented in Table B.6.

Table B.7 contains similar data and estimates of measurement bias for three
geologic units tested in the same manner at location LVH-6 in Bienville Parish,
Louisiana. These data indicate that the mean hydraulic conductivity values obtained
from formation testers are consistently smaller than those obtained from single-well
pumping tests or from core analyses, which are themselves in close agreement.
However, the sample is very small, with only one measurement by the formation tester
for each geologic unit.

The data for each geologic unit were not collected from a single well at each site
(see Tables B.6 and B.7). For example, the pumping tests were conducted in the Lower
Wilcox Group in well C at location LVH-6, but the formation tester data and cores were
obtained from well A, which is located about 45 m (148 ft) away (Law Engineering
Testing Co., 1982s). As discussed at the beginning of Sec. B.3, we assumed for these
calculations that the data could be treated as though all values were obtained from a
single well.

B.4 SUMMARY

The hydraulic conductivity data available to support travel time predictions in
the Upper Wilcox Group are very limited. However, given the purpose of the example
evaluation developed in Sec. 3, uncertainty was estimated on the basis of those data and
subjective judgment.

Data from single-well pumping tests conducted in the Upper Wilcox Group in the
Mississippi study area (see Table B.4) were used in developing the example in Sec. 3. The
mean and coefficient of variation in hydraulic conductivity were estimated to be
7.3 «< 10 m/s and 0.8, respectively. We used data from the pumping tests rather than
data from the core analyses because we thought the former were more representative of
hydraulic conductivity for travel time predictions in that a larger aquifer volume was
involved in the pumping tests.

Comparing the hydraulic conductivity values based on pumping tests with those
based on core analyses (see Tables B.4 and B.5) indicates no substantial differences in
data scatter uncertainty between the two types of tests; however, the number of tests is
relatively small. Moreover, the hydraulic conductivity values (see Table B.3) obtained
from analyzing 29 cores from the Upper Wilcox Group in Leon County, Texas, exhibit
considerable variation (Cv = 3.13).
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TABLE B.7 Data Collected at Site LVH-6 in Bienville Parish, Louisiana,
Used to Estimate Measurement Bias

Geologic Unit and
Test Method

Lower Wilcox Group
Single-well aquifer
Drawdown
Recovery

Laboratory analysis
cores

Formation tester

Nacatoch Formation
Single-well aquifer
Drawdown
Recovery

Laboratory analysis
cores

Formation tester

Austin Group
Single-well aquifer
Drawdown
Recovery

Laboratory analysis
cores

Formation tester

Lower Wilcox Group

K = 1.55xlO"3 cm/s

K = 1.29xlO"3 cm/s

V4 = 1.79xlO"
6 cm2/s2

C = 0.87
V4

Basic Data

Depth
(m)

test 277.1-295.7

of 277.4
292.6
285.9

test 558.1-584.6

of 558.7
570.0
582.2
563.9

test 773.3-822.0

of 780.3
783.3
792.5
807.7
792.5

:Hydraulic
Conductivity

2
2
7
1
1

1,
2,
3.
8,
5,
8.

4.
1.
1.
3.
1.
1.

Summary Statistics

Nacatoch Formation

K = 2.64xlO"5

K = 2.00xl0"5

V 4 = 3.74xl0"
10 >

C = 0.73
V4

cm/s

(cm/s)

.68

.68

.46

.62

.11

.77

.47

.03

.05

.23

.36

84
,83
97
65
90
07

cm/s

cm2/s2

X 10
x 10"3

x 10"4

X 10
x 10"5

x 10~*
x 10~5

X 10"^
x 10"5

x 10"°
x 10"8

a
x 10
x 10~3

x 10~3

X 10
x 10"5

x 10"6

Mean of
Test Method

(cza/s)

2.68 x 10"3

1.18 x 10"3

1.11 x 10~5

2.12 x 10"5

3.87 x 10"5

8.36 x 10"8

4.84 x 10"4

•
9.64 x 10"4

1.07 x 10~6

Austin Group

K = 7

Kt = 4,

v4 = 2.:
cv

,23xlO"4 cm/s

,83xlO"4 cm/s

52xlO"7 cm2/s2

= 0.67
4

aData are not available.

Source: Basic data obtained from Law Engineering Testing Co. (1982s)
and Slaughter et al. (1983).
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The level of uncertainty in the calculated hydraulic conductivity values
associated with cores taken over 200-m (660 ft) sections in the Upper Wilcox Group from
the Leon County (see Table B.3) and the Mississippi (see Table B.4) study areas varies
markedly. It is not clear whether the uncertainties associated with hydraulic
conductivity values based on core data are generally greater than those associated with
values based on pumping test data. Because the data from the two subject areas were
not collected under comparable conditions, no answer is possible at this point. The very
sparse data collected from cores at depth intervals of about 20 m (66 ft) or less (see
Tables B.6 and B.7) also exhibit considerable variation. Because insufficient evidence
exists to argue the point one way or the other, we assumed for the example evaluation in
Sec. 3 that core test results will not reduce the uncertainty in hydraulic conductivity
values to the degree that pumping tests will. Consequently, we took no credit for core
test results in estimating the variances associated with measurement schemes involving
cores.

The estimates of the uncertainty associated with measurement bias for each of
the test methods (i.e., pumping tests, core analyses, or formation tester results) are
based on minimal data (see Tables B.6 and B.7). For the purpose of the travel time
example, we decided to use the value 0.4, which is the coefficient of variation for
measurement bias for the data from the Lower Wilcox Group in Leon County (see
Table B.6). The following considerations dictated this decision. First, even greater
uncertainty is associated with the equally limited data from Louisiana (see Table B.7).
This difference may be related to the systematically lower values from the formation
tester. Second, since the measurement schemes considered in Sec. 3 do not involve
formation testers, there was no reason not to use the lower uncertainty of the Leon
County data.

The limited amount of data available from a formation in a particular region can
be compensated for in part by combining data sets and determining statistically whether
they are from the same population. However, such exercises provide little additional
information to strengthen the choices indicated above. For the Richton dome example,
we thought it preferable to use the limited individual data sets.

B.5 REFERENCES CITED

Freeze, R.A., and J.A. Cherry, 1979, Ground-water, Prentice-Hall, Englewood Cliffs, N.J.

Law Engineering Testing Co., 1982a, Gulf Coast Salt Domes Geologic Area
Characterization Report, East Texas Study Area, Vol. II: Technical Report, prepared for
Battelle Memorial Institute, Office of Nuclear Waste Isolation, Columbus, Ohio,
ONWI-118.

Law Engineering Testing Co., 1982b, Gulf Coast Salt Domes Geologic Area
Characterization Report, East Texas Study Area, Vol. Ill: Appendix, prepared for
Battelle Memorial Institute, Office of Nuclear Waste Isolation, Columbus, Ohio,
ONWI-118.



72

Law Engineering Testing Co., 1982c, Gulf Coast Salt Domes Geologic Area
Characterization Report, North Louisiana Study Area, Vol. IV: Technical Report,
prepared for Battelle Memorial Institute, Office of Nuclear Waste Isolation, Columbus,
Ohio, ONWI-119.

Law Engineering Testing Co., 1982d, Gulf Coast Salt Domes Geologic Area
Characterization Report, North Louisiana Study Area, Vol. V: Appendix, prepared for
Battelle Memorial Institute, Office of Nuclear Waste Isolation, Columbus, Ohio,
ONWI-119.

Law Engineering Testing Co., 1982e, Gulf Coast Salt Domes Geologic Area
Characterization Report, Mississippi Study Area, Vol. VI: Technical Report, prepared for
Battelle Memorial Institute, Office of Nuclear Waste Isolation, Columbus, Ohio,
ONWI-120.

Law Engineering Testing Co., 1982f, Gulf Coast Salt Domes Geologic Area
Characterization Report, Mississippi Study Area, Vol. VII: Appendix, prepared for
Battelle Memorial Institute, Office of Nuclear Waste Isolation, Columbus, Ohio,
ONWI-120.

Law Engineering Testing Co., 1982g, Gulf Coast Salt Domes Well Completion Report:
Site MCCG-1, prepared for Battelle Memorial Institute, Office ot Nuclear Waste
Isolation, Columbus, Ohio, ONWI-170.

Law Engineering Testing Co., 1982h, Gulf Coast Salt Domes Well Completion Report:
Site MCCG-2, prepared for Battelle Memorial Institute, Office of Nuclear Waste
Isolation, Columbus, Ohio, ONWI-171.

Law Engineering Testing Co., 19821, Gulf Coast Salt Domes Well Completion Report:
Site MCCH-3, prepared for Battelle Memorial Institute, Office of Nuclear Waste
Isolation, Columbus, Ohio, ONWI-172.

Law Engineering Testing Co., 1982j, Gulf Coast Salt Domes Well Completion Report:
Site MH-4, prepared for Battelle Memorial Institute, Office of Nuclear Waste Isolation,
Columbus, Ohio, ONWI-173.

Law Engineering Testing Co., 1982k, Gulf Coast Salt Domes Well Completion Report:
Site MH-5, prepared for Battelle Memorial Institute, Office of Nuclear Waste Isolation,
Columbus, Ohio, ONWI-174.

Law Engineering Testing Co., 19821, Gulf Coast Salt Domes Well Completion Report:
Site MH-6, prepared for Battelle Memorial Institute, Office of Nuclear Waste Isolation,
Columbus, Ohio, ONWI-175.

Law Engineering Testing Co., 1982m, Gulf Coast Salt Domes Well Completion Report:
Site MH-7, prepared for Battelle Memorial Institute, Office of Nuclear Waste Isolation,
Columbus, Ohio, ONWI-176.



73

Law Engineering Testing Co., 1982n, Gulf Coast Salt Domes Well Completion Report:
Site MH-8, prepared for Battelle Memorial Institute, Office of Nuclear Waste Isolation,
Columbus, Ohio, ONWI-177.

Law Engineering Testing Co., 1982o, Gulf Coast Salt Domes Well Completion Report:
Site MRIG-9, prepared for Battelle Memorial Institute, Office of Nuclear Waste
Isolation, Columbus, Ohio, ONWI-178.

Law Engineering Testing Co., 1982p, Gulf Coast Salt Domes Well Completion Report:
Site MRIG-10, prepared for Battelle Memorial Institute, Office of Nuclear Waste
Isolation, Columbus, Ohio, ONWI-179.

Law Engineering Testing Co., 1982q, Gulf Coast Salt Domes Well Completion Report:
Site MRIH-11, prepared for Battelle Memorial Institute, Office of Nuclear Waste
Isolation, Columbus, Ohio, ONWI-180.

Law Engineering Testing Co., 1982r, Gulf Coast Salt Domes Well Completion Report:
Site LH-2, prepared for Battelle Memorial Institute, Office of Nuclear Waste Isolation,
Columbus, Ohio, ONWI-181.

Law Engineering Testing Co., 1982s, Gulf Coast Salt Domes Well Completion Report:
Site LVH-6, prepared for Battelle Memorial Institute, Office of Nuclear Waste Isolation,
Columbus, Ohio, ONWI-182.

Law Engineering Testing Co., 1982t, Gulf Coast Salt Domes Well Completion Report:
Site LH-7, prepared for Battelle Memorial Institute, Office of Nuclear Waste Isolation,
Columbus, Ohio, ONWI-183.

Law Engineering Testing Co., 1982u, Gulf Coast Salt Domes Well Completion Report:
Site LRH-13, prepared for Battelle Memorial Institute, Office of Nuclear Waste
isolation, Columbus, Ohio, ONWI-184.

Law Engineering Testing Co., 1982v, Gulf Coast Salt Domes Well Completion Report:
Site LH-17, prepared for Battelle Memorial Institute, Office of Nuclear Waste Isolation,
Columbus, Ohio, ONWI-185.

Law Engineering Testing Co., 1982w, Gulf Coast Silt Domes Well Completion Report:
Site TOG-1, prepared for Battelle Memorial Institute, Office of Nuclear Waste Isolation,
Columbus, Ohio, ONWI-186.

Law Engineering Testing Co., 1982x, Gulf Coast Salt Domes Well Completion Report:
Site TOH-2, prepared for Battelle Memorial Institute, Office of Nuclear Waste Isolation,
Columbus, Ohio, ONWI-187.

Law Engineering Testing Co., 1982y, Gulf Coast Salt Domes Well Completion Report:
Site TOH-5, prepared for Battelle Memorial Institute, Office of Nuclear Waste Isolation,
Columbus, Ohio, ONWI-188.



74

Lohman, S.W., 1972 (reprinted 1983), Ground-Water Hydraulics, U.S. Geological Survey
Professional Paper 708.

Olson, R.E., and D.E. Daniel, 1981, Measurement of the Hydraulic Conductivity of Fine-
Grained Soils, in Permeability and Groundwater Contaminant Transport, T.F. Zimmie and
CO. Riggs, eds., American Society for Testing and Materials Special Technical
Publication 746, pp. 18-64.

Slaughter, G.M., et al., , 1983, Permeability of Selected Sediments in the Vicinity of Five
Salt Domes in the Gulf Interior Region, Battelle Memorial Institute, Office of Nuclear
Waste Isolation, Columbus, Ohio, ONWI-356.

Watt, H.B., 1974, Formation Tester, in Log Review 1, Dresser Atlas Division, Dresser
Industries, Inc., Houston, Texas, pp. 10-1-10-20.



75/76

APPENDIX C

COMPUTATIONAL SUMMARY



77

APPENDIX C

COMPUTATIONAL SUMMARY

C.I PURPOSE

Appendix C summarizes the computations that link the uncertainty in the
predictions of Darcy velocity to the uncertainty in the hydraulic conductivity values
determined from measurements (see Sec. 3.4.5). The bases for establishing this link are
the computations of groundwater flow by means of two-dimensional models of the Wilcox
Group (see Sec. 3.2), the sensitivity analyses performed with the models, and the
approximations (Eq. 4) that relate prediction uncertainty to measurement uncertainty.
For the example presented in Sec. 3, the coefficient of variation for the component of
Darcy velocity uncertainty related to hydraulic conductivity is shown to be directly
proportional to the coefficient of variation for hydraulic conductivity. Therefore,
calculating the effect of the models on propagating measurement uncertainty into
prediction uncertainty is relatively straightforward. The results of this calculation can
then be used in estimating the effects of different measurement schemes on prediction
uncertainty.

C.2 RELATIONSHIP BETWEEN PREDICTION AND MEASUREMENT
UNCERTAINTIES FOR RICHTON DOME EXAMPLE

The general relationship between the variance in a predicted variable y and the
measured quantities x (see Sec. 2.1.1) is given by:

vy - I I r ¥• cov(x.,x.) (C.I)
1=1 j = i i — i — J

X . X .

1 J

for y = f(xj, X2» ..., xn). The operational symbol = means equal to a first-order
approximation.

If a numerical model is used to determine the y values for specified x values and
if sensitivity studies are available, then the derivative terms in Eq. C.I are directly
proportional to the normalized sensitivity coefficients, S, and the local mean values of y
and x (see Sec. 3.2) can be represented as:

3x\ " S xT ( C ' 2 )

l I

For the Richton dome example, the only measured quantities considered to
influence the uncertainty in the Darcy velocity predictions (and, thus, the travel times)
in the model are the boundary heads and hydraulic conductivities. Since boundary head,
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H, and hydraulic conductivity, K, are assumed to be uncorrelated, the expression for the
variance in Darcy velocity, u, becomes:

i=l j=l i

+ V Y £±_ £±_ cov(H.,H.) (C.3)
i=l j=l i aHj x J

where m equals the number of grid elements in which K is specified, and n equals the
number of boundary nodes at which H is specified. The assumption that H and K are
independent variables, while only approximately accurate, is considered accurate enough
for this example. With respect to the sensitivity coefficients, Sg and SJJ, the sensitivity
of velocity to m hydraulic conductivities and to n boundary heads can be represented by :

m m / — \2
V (K,H) = 7 I ( - ] S._ S._ Cov(K.,K.)

1=1 j = l \ K / l j J

n n / — \2
+ I M l SH SH Cov(H.,H.) (C.4)

i= l j=l \ H / a i j J

or

Vu(K,H) = Vu(K) + Vu(H) (C.5)

where:

m m — 2
V (K) = I y - S_ S,. Cov(K.,K.) (C.6)

U i= l i=l K i K i X J

and

n n - 2
V (H) = I y - Su So Cov(H.,H.) (C.7)

u . V J . . . 77 n . H . 1 1
1 = 1 J = l H 1 J J

Expressing the uncertainty in terms of the appropriate coefficients of variation
is often useful. The following terms are defined for the components of variance of
predicted and measured quantities:

V
C (u) = - ^



79

V

C V ( U K ) = —

C (uH) = — (C.8)

C (K) = - £
v

C '"^ - H

v

K

1/2

H

In terms of the coefficient of variation, the uncertainty in predictions of Darcy velocity
(Eq. C.5) becomes (assuming that H and K are uncorrelated):

Cv
2(u) = Cv

2(uK) + Cv
2(uH) (C.9)

The component of variance in u due to the uncertainty in K (Eg. C.6) is simplified
in its applications to the flow models for the Wilcox Group as described in Sec. C.3. The
simplifications come about for two reasons: (1) the mean values of u and K are assumed
to be constant for the region of computation, and (2) the covariance terms, Cov(Kj,K=),
can be approximated as a grid-specific constant a-- times the variance Vg. These
simplifications result in the following:

v u00 *({}T vK [I I . . . sK sR J (CIO)
\ K / 1=1 j=l l J

or

where:

m m
C = a constant = £ L a- • Sv S

K (C.12)

In terms of coefficients of variation, the component of uncertainty in velocity due to
uncertainty in hydraulic conductivity is:

Cv
2(uK) = c : CV

2(K) (C.13)
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In a similar manner, the component of uncertainty in velj / related to
uncertainty in boundary head values is:

or

V (H) &(±\ Vu C, (C.15)U / H 2

where:

C = a constant = £ \ y£ . S S (C.16)
i=l j=l ' J i j

and

Cv
2(uH) = C2 CV

2(H) (C.17)

The simplifications introduced above allow the uncertainty in the predicted
Darcy velocity from the models to be related directly to the uncertainties in the
measured values for hydraulic conductivity and boundary head. Introducing Eqs. C.13 and
C.17 into Eq. C.9 yields:

Cv
2(u) = Cx CV

2(K) + C2 CV
2(H) (C.18)

The constants Cj and Cg depend only on the results of the sensitivity studies with the
specific model used and the forms of the expressions relating covariances to variances
for the specific model. Given those constants, Eq. C.18 can be used to determine the
effects of different uncertainties in hydraulic conductivity, C (K), and boundary head,
CV(H), on the uncertainties in velocity predictions.

C.3 SOLUTIONS FOR WILCOX GROUP FLOW MODELS

C.3.1 Solution Approach

As described in Sec. 3.1, sensitivity studies from two different flow models for
the Wilcox Group were availably — one at a regional scale and one at a refined scale.
The refined model results (see Fig. 11) were used to determine the effects of uncertainty
in hydraulic conductivity and boundary head values on uncertainty in the Oarcy velocity
predictions in the vicinity of the Richton dome using Eq. C.18. Because no direct
measures exist of uncertainty in the boundary head values for the refined model available
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for this example, that uncertainty was estimated by calculating the variance in head on
the interior of the regional model caused by uncertainty in the hydraulic conductivity
values. The results of sensitivity studies on the regional model (see Fig. 10) were used
for the computation.

Thus, computing the uncertainty in the Darcy velocity proceeds in steps (see
Fig. 12) using the regional model to estimate the uncertainty in boundary heads for the
refined model. That estimate of uncertainty, together with the uncertainty in hydraulic
conductivity, is used in the refined model for the velocity calculation. By using both
models, the uncertainty in hydraulic conductivity data is used *o estimate the boundary
head uncertainty, which is not explicitly available for either model. The following three
subsections detail the solutions for (1) the uncertainty in boundary heads in the refined
model due to hydraulic conductivity uncertainty in the regional model, (2) the
uncertainty in refined model velocity due to hydraulic conductivity uncertainty in the
refined model, and (3) the uncertainty in the refined model velocity due to uncertainty in
the boundary head values for the refined model.

C.3.2 Effect of K on H on the Interior of the Regional Model

The sensitivity studies performed with the regional model indicate the influence
of boundary heads and hydraulic conductivities on heads inside the model's boundary
(interior head), that is, in the vicinity of the dome. Although these interior heads (see
Fig. 10) are not exactly along the boundary of the refined model, we consider them to be
representative of values at the refined model boundary for the purpose of estimating the
uncertainty in boundary head values for the refined model.

For the purpose of estimating the uncertainty in interior head values in the
absence of any data on head uncertainty, we assumed that the boundary heads, H, of the
regional model have zero uncertainty and that only uncertainty in hydraulic conductivity
contributes to the interior head; h, variance. That is:

Vh(K,H) = Vh(K) (C.19)

Assuming parallelism with Eq. CIO for velocity, the expression for uncertainty
in interior heads for the regional model becomes:

Vh(K) = M| V ( I I a S S J (C.20)

or

vh<>0 * ( | ) vK c3
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where:
n n

C3 = a constant = J £ a. . SR S (C.22)
i=l j=l 1J i j

The covariance terms in the original approximation (see Eq. C.6) can be
simplified so that they contain variance terms only. For cases in which the elements are
widely separated with respect to the autocorrelation length scale, element covariances
can be estimated in terms of a correction factor times the variance (Baecher and Ingra,
1981). For the regional model, the ratio of the autocorrelation length scale (determined
in Sec. 3.4.3.2 to be about 1.8 km [1.1. mi]) and grid size (about 12 km [7.5 mi]) is so
small (about 0.15) that the correction factor for the covariance terms equal to zero.
Thus, the only correction implied by the aj: factor is a grid-size-effect factor Rj. This
factor accounts for the uncertainty being reduced because it is being averaged over an
element that is large with respect to the autocorrelation length scale for hydraulic
conductivity (see Sec. 2.2.1.1). For a ratio of autocorrelation length scale to grid size in
the regional model of 0.15, the R- value for size elements is about 0.04.

For the regional model, Cg becomes:

150 150
C = I s. R. = 0.04 I SL (C.23)

i=l i=l

Summing the average sensitivity values over the 150 elements of the grid yields:

C3 = (0.04K2 x 10"3) = 8 x 10~5 (C.24)

If, for example, the mean values of the head and hydraulic conductivity were
61 ra and 3.4 >. 10 m/s, respectively, and the variance in hydraulic conductivity were
7.4 x 10"10 m2/s2, then:

V (K) = ( ^ A 2 (7.4 x 10"10) (8 x 10"5) (C.25)
\ 3 . 4 x 1 0 7

= 0.19 m2

In general, recasting Eq. C.21 in coefficient of variation form yields:

Cv(h) = C3 CV(K) (C.26)

Cv(h) = 8 x 10~5 CV(K) (C.27)
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C.3.3 Effect of K on u near the Dome for the Refined Model

The effect of the uncertainty in hydraulic conductivity values in the refined
model on the uncertainty in Darcy velocity predictions is given in Eq. CIO or in
Eqs. C.ll and C.12. Again, grid-specific correction terms oy in the expression for Cj
come about by assuming nonzero correlation only between adjacent elements and by
following the Baecher and Ingra (1981) formulation of grid-size effect corrections.

The grid size in the refined model is variable, with some elements as small as
5 km (3 mi) on a side; therefore, the ratio of autocorrelation length scale to grid size is
large enough for the small elements to contribute nonzero values of a for covariance
terms. The value for a for those pairs of elements is about 0.16 (Baecher and Ingra,
1981). The size-effect correction factor for the variance terms varies because the
element size varies. The 182 elements were grouped into three general size categories
and assigned R correction values appropriate to each ratio of autocorrelation length
scale to element dimension. Fifty-six elements were assigned the value 0.32; 91
elements were assigned the value 0.23; and 35 elements were assigned the value 0.04.

The calculation of Cj:

Cl = 1 1 °ij h. h. < C ' 1 2 )

i=l j=l J i j

was carried out using average sensitivity coefficient values (0.S, 0.05, and 0.005) from
Fig. 11 and the appropriate a values for individual elements and element pairs to
compute the variance and covariance terms, respectively. The result was:

182 182

= 0.26

S
K

 ( C ' 2 8 )

i Kj

For example, if the mean Darcy velocity and hydraulic conductivity values were
10 m/s and 3.4 x 10~* m /s , respectively, and the variance in hydraulic conductivity
were 7.4 x 10"10 m2/s2, then:

V (K) = ( — ?\ (7.4 x 10~10) (0.26) (C.29)
u

( (
u \3 .4

= 1.6 x 10"17 m2/s" 1 7 m2/s2

C.3.4 Effect of H on u near the Dome for the Refined Model

The uncertainty in the boundary head values at the 13 upstream nodes of the
refined model was estimated using the effect of the uncertainty in hydraulic conductivity
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in the regional model (see Sec. C.3.2). The result was that the coefficient of variation in
head was 8 * 10"^ times the coefficient of variation in hydraulic conductivity. Solving
Eq. C.17 requires both that result and an expression for C2*

C2 = 1 1 * i j SH. SH. ( C - 1 6 >
i=l j=l J l j

The 13 boundary heads along the upstream boundary of the refined model are
assumed to be perfectly correlated (i.e., yy = 1). Thus, evaluating the double summation
over the sensitivity coefficients in Fig. 11 (i.e., 0.13, 0.18, etc.) yields:

13 13
C2 - . 1 .1 SH. S H. ( C-3 0 )

i=l =l i j

= 7.5

If the mean values for head and Darcy velocity were 61 m and 10 m/s,
respectively, and the variances in hydraulic conductivity boundary head were 7.4 x 10
m2/s2 and 0.19 m2 (from Eq. C.25), respectively, then:

1O"8 2

V (H) = H _ (0.19) (7.5) (C.31)u 61

= 3.8 * 10"20 m2/s2

The contribution to the uncertainty in velocity due to the direct influence of uncertainty
in hydraulic conductivity is clearly larger than that through the boundary heads.

C.3.5 Summary

The effect of uncertainty in boundary heads on the uncertainty in the Darcy
velocities predicted by the refined model was estimated using the effect of the
uncertainty in hydraulic conductivity values on boundary heads in the regional model.
Since the same value for uncertainty in the hydraulic conductivities has been assumed for
both models in this example, Eqs. C.18 and C.26 can be combined to yield:

cv
2(u) = C: cv(K) + C2[c3 CV

2(K)] (C.32)

= (C1 + C2C3) CV
2(K)

The first constant term in Eq. C.32 is related to the direct effects of uncertainty
in hydraulic conductivity, whereas the second product terms reflect the indirect effect
of the uncertainty in the boundary heads. Substituting the values determined for Cp C2,
and Cj from the sensitivity results from the model computations, and assuming the
effects of grid size on covariances, yields:



Cv
2(u) i [0 .26 + (7 .5 ) (8 x 10~ 5 ) ] CV

2(K) (C.33)

= 0.26 Cv
2(K)

or

Cv(u) = 0.51 CV(K) (C.34)

As indicated in the example in Sec. C.3.4, the contribution to the uncertainty in
the Darcy velocity predictions due to the uncertainty in the boundary head values is
negligible. Equation C.34 indicates that about half the coefficient of variation
associated with the hydraulic conductivity values can be attributed to the uncertainty in
the coefficient of variation for the predictions of Darcy velocity.
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APPENDIX D

MEASUREMENTS AND THEIR COSTS

Section 3 illustrates how the 8 index method can be used to evaluate site
characterization activities. The example application focuses on groundwater travel
times and the acquisition of additional hydraulic conductivity data to reduce the
uncertainty in predictions of Darey velocity in the Upper Wileox Group in the vicinity of
the Richton dome repository site. Even though the example is highly simplified for the
purposes of illustration, it is also realistic in that (1) available hydraulic conductivity
data from the area were used to the extent feasible, (2) standard testing techniques were
specified, and (3) test costs were estimated based on communications with contractors
and laboratories. Appendix D presents information related to costs for the measurement
schemes and analyses presented in See. 3.4.

D.I MEASUREMENT METHODS AND COSTS

Evaluating alternative measurement schemes requires focusing on the ability of
each scheme to reduce the uncertainty associated with extant hydraulic conductivity
values. Therefore, the parameters of interest are those required to generate hydraulic
conductivity data. Neglected are the allied parameters (e.g., geophysical measurements)
that would need to be measured to determine geometric and related properties.

The measurement program discussed in Sec. 3 was never intended to be
comprehensive. The measurements necessary to obtain hydraulic conductivity data
should be made in the Upper Wilcox Group at locations within a few kilometers of the
Richton dome. This region is of particular importance in the context of a 1000-year
groundwater travel time. A full field investigation of hydraulic conductivity in the
Upper Wilcox might include several measurement modules similar to schemes 1 through 4
(see Sec. 3.4.4) and distributed throughout a larger region surrounding the site.

As indicated in App. B, existing hydraulic conductivity values for the Upper and
Lower Wilcox groups have been calculated from the results of single-well pumping tests
(drawdown and recovery phases) and laboratory permeability tests of cores. Formation
testers were used in only a few cases. The very limited data from formation testers and
field experience with formation testers suggest that pumping tests generally provide the
most reliable in situ measures of hydraulic conductivity for the purpose of travel time
computations. Continuous coring, while important for geologic characterization, is
expensive.

As shown in App. B, the results are mixed when hydraulic conductivity values
calculated from laboratory permeability tests are compared with those from pumping
tests. Although both mean values and variances are comparable in some instances,
variances in data from cores from the same general location are sometimes large. The
large variances in the results based on the core tests and the agreement between mean
values calculated from several core tests and those calculated from pumping test data
can be explained in part by the individual core results reflecting a much smaller volume
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of the aquifer than the larger region of influence of a pumping test. Thus, for the
purpose of reducing the uncertainty (variance) in hydraulic conductivity values for the
example in Sec. 3, pumping tests alone were considered.

Table D.I lists the costs associated with tests in the Upper Wilcox Group, as
determined in August 1984 through discussions with several contractors (Rospenda, 1984).
The single-well tests listed are for lined boreholes 22 cm (8.5 in.) in diameter drilled
about 610 m (2000 ft) below the surface into the Upper Wilcox. Costs for the lined
boreholes include two cases of rotary boring with cutting samples (without cores) and
boring with continuous coring. Continuous coring increases the cost of the boring by a
factor of almost four. The cost of a single laboratory permeability test of a core is
indicated for reference purposes.

Packer tests are carried out over screened sections of the cased borings, and
single-well pumping tests are carried out over a shorter length of screen casing or with
no casing at all. As indicated in Table D.I, the costs of packer tests and single-well
pumping tests are of the same order of magnitude. The cost of packer tests, however,
drops to about half that of single-well pumping tests when more than 10 are conducted
per boring. From the perspective of measurement technique, tradeoffs exist between

TABLE D.I Costs of Tests and Example Measurement Scheme Costs

Item

Number of Tests

Cost ($) Scheme 1 Scheme 2 Scheme 3 Scheme 4

Borings (8.5 in.)
Lined, without cores
Lined, with cores

Core permeability test

Packer tests
<10 tests per boring
>10 tests per boring

Single-well pumping test
in existing borehole

Multiwell pumping test
Observation wells (4)
Observation wells (8)

Total cost
Scheme 1
Scheme 2
Scheme 3
Scheme 4

105,000
396,000

150

850
500

1,050

272,000
342,000

705,600
1,166,400
1,521,600
1,982,400

16 64 16 64
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these single-well measurement methods. The packer test may be more flexible than a
single-well pumping test for testing different vertical zones of a formation. For the
purpose of estimating a vertically averaged hydraulic conductivity value for use in a two-
dimensional groundwater flow model, that advantage may not be important. On the
other hand, errors may be introduced during packer tests because of potential leaks
around the packers. However, these single-well (borehole) pumping tests are
disadvantageous in that drawdown (pressure change) and recovery are observed in the
borehole from which the stress (pumping) is applied.

A multiwell pumping test measures the hydraulic conductivity of the portion of
the aquifer influenced by the pumping test better because it provides water-level data in
observation wells located away from the pumping well. The costs of multiwell pumping
tests with four and eight observation wells are given in Table D.I. The costs include
drilling and installation of a 25-cm- (10-in.-) diameter pumping well to 610 m (2000 ft)
and drilling the observations wells, with the installation of two piezometers per
observation well. For this analysis, the multiwell pumping test is assumed to run
continuously for one week.

D.2 MEASUREMENT SCHEMES AND THEIR COSTS

For the purpose of the example in Sec. 3, four measurement schemes were
considered with regard to reducing the uncertainty in hydraulic conductivity values for
the Upper Wilcox Group. Each scheme has essentially two components: single-well
pumping tests and multiwell pumping tests. For the purpose of the example, the single-
well tests are packer tests, with multiple (four or eight) tests conducted in each
borehole. Alternatively, single-well pumping tests could have been selected or included.

Such a testing program could be expected to include (1) collection of several
cores, although not necessarily continuous cores, in zones of interest, and (2) subsequent
testing in the laboratory. However, for the reasons discussed above, we took no credit
for any reduction in uncertainty related to core testing in the example in Sec. 3. Thus,
no benefit from coring is realized in any of the four schemes, and the costs associated
with coring are not included.

Multiwell pumping tests were included in each scheme because the hydraulic
conductivity values from multiwell tests can be used to "calibrate" the single-well packer
tests. Scheme 1 comprises one multiwell pumping test, which includes four observation
wells and four lined borings (but no cores). Four packer tests are to be conducted per
boring, for a total of 16 packer tests. Scheme 2 comprises one multiwell pumping test,
which includes four observation wells and eight lined borings (but no cores). Eight packer
tests are to be conducted per boring, for a total of 64 packer tests. Scheme 3 is similar
to scheme 1, but calls for four multiwell pumping tests instead of one. Scheme 4 is
similar to scheme 2 but calls for four multiwell pumping tests instead of one.

Table D.I, which presents the total measurement costs for each scheme, shows
that costs increase in going from scheme 1 to scheme 4. These cost data provide a
framework for judging the costs associated with changes in the lavel of uncertainty in
travel time predictions. The "actual" costs are relatively unimportant for the purposes
of this example.
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